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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the accom¬ 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redis¬ 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chapters the literature has been reviewed 
up to September, 1942. 

Corrections and suggestions will again be cordially welcomed. The 
editors, are grateful to many friends for the examination of the manu¬ 
scripts. Particular thanks arc due to Messrs. R. K. Abbott, R. W. 
L«>eper, D. S. Melstrom, G. J. O’Donnell, S. M. Spatz, J. R. Thirtle, and 
L. A. Woods. 

H. G. 

Ames, Iowa 
October, 19^$ 




PREFACE TO THE FIRST EDITION 


Organic chemistry is richly endowed with excellent textbooks. 
However, there is a nw'd for a general treatise of organic chemistry suit¬ 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the purpose 
of the moment and provide a point of departure for unceasing revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to himself. It 
was hoped to obtain, in this way, an authoritative treatise which would 
cover most of the important phases of organic chemistiy. The execu¬ 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revising and e.vpanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properties and chemical constitution, valence, and resonance 
have been grouped together in the second volume. It is planned to 
revise Ijoth volumes at intervals, not only in order to bring the present 
material up to date, but also to permit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on polymeriza¬ 
tion and chlorophyll will be included in the next edition. Corrections 
and suggestions will be heartily welcomed. 

The contents have Ixxin integrated and the accessibility of the 
information increased by cross references, by individual tables of con¬ 
tents for each chapter, and by a compreheiLsive subject index which is 
repeaUxl in each of the two volumes. The inordinate wealth of the 
literature has made it necessary to restrict references, in general, to a 
relatively few selected original articles. Researclies are cited, as a rule, 
by reference to the most recent publications; however, sufficient refer¬ 
ences to early work are given to provide an historical background. 
Occasional chapters, particularly those in the field of natural products, 
have abundant citations to original articles, and should be especially 
useful to re.search workers. In some chapters the literature has been 
reviewed up to Septemljer, 1937. There is, in addition, occasional 
mention of work hitherto unpublished. The section General References 
at the end of each chapter includes mention of some of the more impor¬ 
tant review articles and books as a guide to collateral reading. 
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PREFACE TO THE FIBST EDITION 


The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. W. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Dre. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 

H. G. 


Aims, Iowa 
December, ISS? 
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CHAPTER 1 


THE REACTIONS OF ALIPHATIC HYDROCARBONS 

Gustav Eqloff 
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L ISOMERIZATION OF ALIPHATIC HYDROCARBONS 

Aliphatic hydrocarbons are available in vast volumes from petroleum 
and natural gas. Isomerization of these hydrocarbons, although very 
difficult to control, is a most important reaction. Normal alkanes i.so- 
merize, in general, to methyl alkanes; the simplest case is the formation 
of isobutane, a key hydrocarbon in aviation gasoline, from n-butanc via 
the alkylation process. 

Isomerization of Alkanes. Normal alkanes isoraerize to methyl- 
alkanes when treated with an aluminum halide.’ ■*'»■«•* n-Butane in the 
presence of aluminum chloride and hydrogen chloride, in 4 hours at 
175° and 35 atmospheres pressure, forms isobutane and lower alkanes.’ 
The equilibrium concentration of isobutane at 180° Ls 58 per cent.^ 
n-Butane and isobutane are slowly isomerized catalytically at room 

* Montgomery, McAteer, and Franke, J. Am. Chem. Soc., S9, 1768 (1937). 

* Montgomery, McAteer, and Franke, paper proeented at Am. Cbem. Soc. Meeting, 
Baltimore, April, 1939. 

* Ipati^ and Grosse, Ind. Eng. Chem., *8, 461 (1936). 

* Moldawsky and NiaovkinB, Compt. rend. acad. tei. U.R,S.S., SS, 919 (1939) J, 
am. Chem. {U.8.S.R.), 9, 1862 (1939). 

^Olaaebrook, Phillips, and Lovell, J. Am. Chem. Soc., U, 1944 (1936). 
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temperature. Both isomers require over 2 months to attain the equilib¬ 
rium state in the presence of aluminum bromide at about 27® and 3 
atmospheres pressure.^ The equilibrium composition corresponds to 
over 78 per cent of isobutane; lower alkanes are formed in small amounts 
only. 

Isopentane can be produced by isomerization of 7i-pentane in the 
presence of aluminum halides. It is a valuable volatile component of 
aviation fuels. The action of aluminum bromide upon n-pentane at 
room temperature yields 5 per cent of butanes (mostly isobutane), 55.9 
per cent of isopentane, and 3.9 per cent of higher products.® The equilib¬ 
rium concentration of isopentane at 0° is 90 per cent.* At 80°, this 
value is decreased to 82 per cent.* Hydrogen was used to suppress side 
reactions catalyzed by the aluminum chloride in the last case. A simi¬ 
lar treatment of n-hexane at 80° resulted in the formation of 48 per cent 
of methylpentane, 12 per cent of dimethylbutane, and 7 per cent of 
side produ(;ts. n-Hexane yielded 44 per cent of i.9ohexane8 at 120° for 
2 hours with aluminum chloride.* n-Hexane forms 2- and 3-methyl- 
pentanoa.* * n-Heptane produces branched isomers, as shown in Table 
I 10,11 These data indicate that decompositions and recombinations 
accompany Lsomcrizations in the pre.sence of aluminum halides. 


TABLE I 

Isomerization of n-llEPTASE by A1C1» at 96" 



Parts of Hydro¬ 

Parts of Hydro¬ 


carbons Isolated 

carbons Isolated 

Hydrocarbons 

per 1(K) Parts of 

Hydrocarbons per 100 Parts of 

Isolated n 

-Heptane Reacted 

Isolated n-Heptane Reacted 

Pentanes and lower 

alkanes 64 6 

3-Methylhexane 

1.6 

n-Hexane 

0 4 

2,4-Diniethylpentane 

1.5 

2 - M ethyl jjeiitan e 

3 4 

3,3-Dimethylpentane 

0.4 

3-Methylpentane 

2.0 

2,2,3-Trimethylbutane 

0.5 

n-Heptane 


Polymers 

24.4 

2-MethylheJcaiie 

1.2 



The isomerization of only a few 

methylalkanes has 

been studied. 


2-Methylpentane was Lsomerized to 3-methylpentane and 2,3-dimethyl- 

* Schmit, Hoog, ond Verheus, Rvc. trav. diim., 89, 793 (1940). 

* Bauer, “Ober die katalytiache iDOUierisierunx eiuiger Benim-Kohlenwasaerstoffe,” 
Zorich, Deutsche Druckerei, Prague (1940). 

' McAteer, paper presented at Gibson Island Meeting of Am, Assoc. Adv. Science 
June 17-21, 1940. 

* Nenitsescu and Dragan, Btr., 66, 1892 (1933). 

” Calingaert and Beatty, J. Am. Chrm. Soc., 88, 51 (1936). 

" Calingaert and Flood, ibid., 67, 950 (1935). 
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butane or to a mixture of 2- and 3-methyIpentanes by treatments with 
aluminum bromide and 96 per cent sulfuric acid, respectively.® 3-Methyl- 
pentane gave considerable amounts of 2-methylpentane when sub¬ 
jected to either catalyst. The reported isomerizations of dimethyl- 
alkanes include interconversions of the 2,2- and 2,3-dimethylbutanes, 
with partial conversions to 2-methylpentane, upon contacting aluminum 
bromide at room temperature. 

Isomerization, of Alkenes. Normal alkenes isomerize by shifts of 
the double bond or the migration of a methyl group. 1-Butene yields 
2-butene when treated thermally at 600-700°, or when treated catalyti- 
cally at much lower temperatures with nickel and hydrogen, aluminum 
phosphate, aluminum sulfate, aqueous solutions of zinc cWoride, ben- 
zenesulfonic acid, perchloric acid, or concentrated phosphoric 
acid.'®’ “ 2-Butene isomerizes to 1-butene at 650-700“ without 
catalysts or at 100° over phosphoric acid.*®- The 1- and 2-pentenes i.so- 
merize thermally.**' ** 1-Hexene jiclds 2- and 3-hexenes and polymers 
upon treatment at 400° with molybdenum trisulfide and hydrogen under 
pressure.*® 

Several methods of isomerizing n-alkenes into i.soalkenes have been 
used. n-Butenes isomerized to isobutene at 300-600“ over activated 
silica-alumina, alumina, aluminum .sulfate, or phosphoric acid,**’ At 
temperatures around 325°, 1-hexene yielded 2-mcthyl-2-pcntene and iso¬ 
hexenes when catalyzed by zinc chloride and phosphoric acid, resjx'c- 
tively.®*- The 1- and 2-octencs gave im)ctcnes at 295-400° in experi¬ 
ments utilizing glass or quartz tubes, activated silica-alumina, phosphoric 
acid, or zinc chloride.®*’ “ 

Formation of isomers from methylalkene.s, dimethylalkenes, and 
ethylalkenes has been studied to a greater extent tlian that of isomers 
from the corresponding alkanes. Among the methylalkene examples, 

HunJ and Goldaby, ihui., M, 1812 (1934). 

**Twigg, Trans. Faraday Soc., 3S, 934 (1939). 

** Ipatieff, Pines, and Bchaad, J. Am. Chtm. Soc., 66. 2096 (1934). 

*‘ Gillet, BuU. soc. chm. Btlg.. », 192 (1920). 

“Hurd, Ind. Eng. Chem., 16, 60 (1934). 

“Hurd, Goodyear, and Goldsby, J. Am. Chem. Soc., 66, 236 (1936). 

“ Petrov, Mescherjakov, and Andrejev, Ber., 68, 1 (1936) j J. Gen. Chem, (UJS.S.B.), 
6, 972 (19.35). 

“ Frost, Rudkoviky, and Serebriakova, Compi. rend. acad. aci. U.R.S.S., 4 , 373 (1936). 

" SerebriiOtova and Frost, J. Gen. Chem. {U.S.SJl.). 7, 122 (1937) [C. A., 31, 4569 
(1937)1. 

** Pefaxrv and Chcltsova, Compi. rend. acad. tei. U.R.S.S., 16, 79 (1937). 

*• Petrov and Shchukin, J. Gen. Chem. (V.S.S.R.), 9.606 (1939) IC.A., 38, 9293 (1939)} 

“Riioff, MorreU, Thomas, and Bloeb. J. Am. Chem. Soc., 61 , 3671 (1939). 
and Ssayna, .Inn. comhuetiUee liqvidea, 1 , 781 (1926), 

•• Nemtsov, Nisovkina, itud Soekina, /, Gen. Cham. (U.S.SJt,). 8, 1314 (1938). 
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isobutene 3 delded n-butenes at 294° over phosphoric acid on “silicate.” *• 
3-Methyl-l-butene isoinerized to 2-methyl-2-butene at 425-535° in the 
presence of alumina, aluminum sulfate, or phosphoric acid on pumice, 
while sulfuric acid effected a similar isomerization.^*' Aluminosilicates 
are more active in tlie isomerization of alkenes than aluminum oxide.** 
Isomerizations of the dimethylalkenes and ethylalkenes include an 
interconversion between 3,3-dimethyl-l-butcne and a mixture of 2,3- 
dimethyl-1- and -2-butenes at 300° over phosphorus pentoxide on 
silica gel; the conversion of 3,3-dimethyl-l-butene to this mixture at 
275° over aluminum sulfate; and the tramsformation of 3,7-dimethyl-l- 
octene into 3,7-dimethyl-2-octene over palladinized asbestos.**' 

Other examples of isomerization among the alkenes include a partial 
conversion of trans-2-butene to the cfs-fonn over phosphoric acid, and 
interconversion of the isomeric 2-pentene8 with the aid of ultra-violet 
light.**' a>' M' 

Formation of isomers from the alkenes must be accounted for by 
more than one mechanism since the isomerizations involve sliifts of 
the double bond, methyl groups, or both. An acid-catalyzed double¬ 
bond shift is considered to consist of two steps:'* “(1) fonnation of an 
addition product of the alkene with the catalyst, and (2) the decomposi¬ 
tion of the addition product from which the same olefin or one with a 
different stnieture is .split off and the catalj-st is regenerated.” 

The isomerization of 1-butene has been formulated as follows: 

H20=Cn—CHr-CIIj -H HX ♦ri CH,—CII—CHy—CH, 

1 

X 

IT 

CHs—CH=CH—CH» + HX 

where “X” represents a group such as: 

[lIsPO*]-, [CIO 4 ]-, [Zn(Cl)0]- or [C.HtSO,]- 

The removal of hydrogen from a more remote carbon atom is a supple¬ 
mental mechanism, involving a short-lived cyclane, capable of explain¬ 
ing methyl group shifts or formation of any stable cyclanes: 

*• Ipatieff, Ber., 36. 2003 (19031: J. Ru»s. Phya. Chem, Soc., 36, 577 U903). 

Norna and Router, J. Am. C'hem. Soc., 49. 2624 (1927). 

” Frost, y. Phya. Chem. (,V.S.S.R.\ 14. 1313 (1940). 

*• Ijaughlin. Nash, and Whitmore. J. Am. Chim. Soc., 66, 1395 (1934). 

“ Cramer and Giasebrook, ifcirf.. 61, 230 (1939), 

" Sherrill, Balda’in, and Haas, tbul., 61. 3034 (1929). 

** Sherrill, Otto, and Piokett, Und., 61, 3023 (1929). 

“ Carr, ibid., 81, 3041 (1929). 

Kharasrh, private communication to Sherrill. Otto, and Pickett, J. Am. Cktm. Soe. 
61, 3023 (1929). 
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HsOOHCHj—CH, + HX 

II /CH. 

CH,CHCHr-CH, C + HX 

CH,CH=CHCH, + HX 

The conversion of a short-lived cyclane into its isomers may proceed 
also by an alternative thermal isomerization without HX. 

Cis4rans isomerization, shifts of double bonds, and shifts of methyl 
groups may also be explained by free radical mechanisms: 


CHs—CH—CH,?=i 

I 1 

X CH, 

HsC=C—CHs + HX 

I 

CH, 


• H,C—CH -1 H,C—C—H 

.H,C— CH-J H— L-CH, 


H,C—C—H 

h.o-<Lh 

H 

H,c=c—i—CH, f H,(b—(!;—(!^ ch, + h 


u 

H,C>=C-CHr 


I 1 

H H 


H,C—C-C—CH, 

1 I 

h h 


-CH, 


■H,C=C—CH, + H + CH, 


I I 


I 


:H,j 


H,c=c^cn, 

d’H, 


Isomerization of Alkadienes. The allenic alkadienes i.‘'Omerizp to 
conjugated alkadienes or alkynes. Examples of the isomerization to 
conjugated alkadienes include treatment of 1,2-alkadiencs with floridin 
at about 300° and with quinoline hydrobromide.*®■ *'■ *’ 4,4-Dimethyl- 
1,2-pentadiene formed successiv’ely 2,4-dimethyl-l,3-pentadiene and 2,4- 
dimethyl-2,3-pentadiene over floridin at 230-235°; the formation of 
these products involves an interesting methyl group migration.** In¬ 
stances wherein allenic alkadienes were converted into 1-alkynes are 
treatment with floridin at about 300° and iaomerizations effected by 
potassium ethoxide solution at lower temperatures.**- **• **■ 1,2-Buta¬ 

diene was converted into 2-butyne by hot potassium ethoxide solution. 

The non-allenic alkadienes isomerize by (a) the shifting of double 
bonds and (6) cyclization in the presence of acidic catalysts. The fol¬ 
lowing examples are known: 1,5-Hexadiene gave evidence of the for- 

“ filobodm, J. Gen. Chem. {V.S.S.R.), ». 48 (1936) (C. A.. *9, 4732 (1936)]. 

» SloboAn, ibid., 4, 778 (1934) (C. A., M. 2146 (1936)]. 

Kutscherov, J. Rutt. Phye. Chem. Soc,, 46, 1634 (1913); J. C/i«m. Soc., 104, 1294 
(1913). 

»• Slobodin, J. Gen. Chem. (H.S.S.B.), 7, 1664 (1937) [C. A., 81, 8601 (1937)]. 

” Kobodin, Otd., 6, 1892 (1936) (C. A., 81. 4264 (1937)]. 

"Fsworsky, J. jn-akl. Chem.. [2144. 208 (1891). 
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mation of 1,4- and 2,4-hexadiene when heated at 500® without catalyst 
or when'treated at 170-360° with palladinized asbestos-carbon, alumina, 
chromia, floridin, or potassium ethoxide solution.**’^ 
2,4-Hexadiene yielded 1,3- and 1,4-hexadiencs at 360-480° over alu¬ 
mina.** 2,5-Dimethyl-l,5-hexadiene formed 2,5-dimethyl-2,4-hexadiene 
at 180-225° in the presence of potassium ethoxide solution, floridin, or 
alumina.*®’ **' ** 

2,6-Dimethyl-l,3-heptadiene was cyclized to l,5,5-trimethyl-2- 
cyclohexene when treated with sulfuric acid.** 2,6-Dimethyl-2,6-octa- 
diene isomerized to ],5,5,G-tetramethyl-l-cyclohexene upon treatment 
with concentrated sulfuric acid, or with the same acid containing acetic 
acid.*®' *®’ “ 

In explanation of the mechanism of alkadiene isomerization, Faw- 
or.sky recognized that a hydrogen disproportionation occurs in the con¬ 
version of 3-molhyl-1,2-butadiene into a pentene and the sodium deriva¬ 
tive of S-mcthjibutjmc: ** 

3H2C=C=C—CHa 2Na -♦ CjHio + 2NaC^—CH—CH, 



According to Jozitsch, a butene resulted similarly during the formation 
of the sexiium derivative of 1-butyne from 1,2-butadiene.*' The follow¬ 
ing equations illustrate the probable courses of two bomerizations 
effected by quinoline hydrobromide as catalyst: ** 


HjC=C=C—CH,-f CsHrN HBr 

I 

CH, 


Br 

I 

H2C==CH—C—CH, 

I 

CH, 


+ CjHtN 


H 2 C=C—CH=CHs + C»H 7 N-HBr 

I 

CH, 


*’ Jozitsch, J. Russ. Phys. Chem. Soc., 29, 90 (1897) (C/iem. Zentr., I, 1011 (1897)). 

“ Hurd and Bollmanu, J. Am. Cltem. ,Syc., 66, 099 (1933). 

« Levina, J. Gen. Chem. (U.S.S.R.), 6, 1093 (1936) IC, A., 31, 1002 (1937)). 

“ Levina, ibid., 7, 1587 (1937) (C. A., 31. 8616 (1937)). 

** I.«vinB and Kirjrushov, tbid., 9, 1834 (1939) [C. A.. 34, 4051 (1940)). 

“ Lebedev and Slobodin, ibid., 4, 23 (1934) [C. A.. 28, 5399 (1934)). 

" Provost, Comjd. rend., 208, 1689 (1939). 

Tiomarm and Scinmler, Ber., 26, 2708 (1893). 

" SemnUer, Ber., 27, 2520 (1894). 

“ Dupont, Dulou, and Desreux, Dull, soc. chim., [5) 6, 83 (1939). 

Semmler, Ber., 34, 3122 (1901). 

Faworaky, J. prakt. Chem., |2) 37, 417 (1888); J. Russ. Phys. Chemi Soc.. 19, 553 
(1887); Ber., 21, Rejerate, 177 (1888). 
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r Br 


H8(>=<>==C—CH, + C*H7NHBr 


HjC=C—CH—CH, 


+ C.HtN 


CH, 


CH, 


HC^C—CH—CH,+ CsHjNHBr 

I 

CH, 

These resemble the conversion of a 1,5-alkadiene into a 2,4-alkadienc 
(RisHor CHa):*' 

H,C=CR—CHz—CHjr-CR=CH, + 2CsHsOH -4 
‘H,C—CR—CHr—CH,—CR—CH,' 

I 1 - 

OC,H, OCsH, 


H,C—CR==CH—CH=CR—CII, -f- 202116011 


Isomerization of alkadienes by cyclization in the presence of acidic 
catalysts may proceed as follows (R Ls H or CH 3 ): 

H CH, 

I A 

R—C<^^ 

H,C—C-^^ "" 

CH, 




Intermediary esters probably play a role in the postulated steps. 

Isomerization of Alkapolyenes. The a Ik a polyenes isomerize by 
shifts of double bonds, conversion of two double bonds into a triple 
bond, and by cyclization or multicyclization. The following isomeriza- 
tions are typical. 4,8-Diniethyl-l,3,7-nonatriene cyclized into 1,5-di- 
methyl-5-allyl-l-cyclohexene in the presence of 80 per cent sulfuric acid.“ 
2,&-Dimethyl-2,5,8-undecatriene fonned l,5,5-trimethyl-6-(l-butenyl)-l- 
cyclohexene when heated with sulfuric acid containing acetic acid.“ 

Isomerization of Alkynes. A study of the data on isomerization of 
alkynes shows that a 1-aIkyne will form a 1,2-alkadiene with’the aid 
of potassium ethoxide solution, floridin, or heat alone; a 1,3-alkadieno 
in the presence of alumina or floridin; and a 2-alkync by contact with 
potassium ethoxide solution, pumice, or soda-lime, or when heated 
alone.**' \ 2-alkyne will form a 1-alkyne in the presence of 

sodium, sodaraide, or floridin, but the last catalyst also yields a 1,2- 
alkadiene. Contact with sodamide transfonns a 3-alkyne into a l-alkyne. 

“Grign*rd, Ann. chim. phys., [7]M, 433 (1901). 

“Kiahaer, J. Kuna. Phya. Cfum. Soc.. «S, 1398 (1911) ICfiem Zentr., I, 1822 (1912)1. 

»* Faworsky, J. prakl. Chem., [2] 37. 382 (1888). 

“ Fawor«ky, J. Ruaa. Phya. Chem. Soe., IS. I, 414 (1887) (CAem. Zenir., 1248 (1887)1 

»’ Slobodin, J. Gen. Ckrm. (U.S.S.R.), 7, 2370 (1937) {C. A., ». 2081 (1938)1. 
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Heat is always used in isomerization of the alk 3 nies. In the absence 
of catalysts, high temperatures are required. 1-Hexyne and 1-heptyne 
at 600° without catalysts were partly isomerized to the l,2-alkadiene8 
and a trace of the corresponding 2-alkynes.** 1-Alkynes or their corre¬ 
sponding sodium derivatives resulted when 2- and 3-heptynes, 2- and 
3-octyne8, and 2-nonyne were treated with sodamide at 160° or heated 
with sodium.**' “• »»■ «• « 

Isomerization of Alkapol3rynes. 1,4-Hexadiyne isomerized to 2,4- 
hexadiyne when treated with potassium ethoxide solution.** The con¬ 
version of 1,5-hexadiyne into 2,4-hexadiyiie is similar to that of 1,.5- 
hexadiene into 2,4-hexadiene, wherein unsaturated bonds become con¬ 
jugated through the agency of hot potassium ethoxide solution.** 
2,2,9,9-Tctramcthyl-.‘i,5,6,6-tetra-<<*r<.-butylethynyl-3,7-decadiyne gave 
2,2,13,13-b‘tramcthyl-5,10-di-n-butyl-7,8-di-/er<.-butyl-tetradeca-5,6,8,9- 
tetnicne-3,ll-diyne when heatt'd with alcohol or with xylene at 
120-140°: “• ** 

CH, 

! 

H,C—C—ClI, 

t 

c 



CH, C CH, 


C 


H,C—C—CH, 

1 

CH, 

*• Hurd and Christ, J. Am. Chem. Soc., •#, 2161 (1937). 

*» Guest, Uriel., W, 1744 (1928). 

“ Bourguel, Ann. chim., llO] 3, 325 (1926). 

“ Behai, Butt. toe. chim., 12)60, 629 (1886). 

•* Desffret, Ann. chim. phyt., (7) 3, 209 (1894). 

**KraiTt and Reuter, Bor., 35, 2243 (1892). 

•*I.espiesu, Ann. chim., 19)8, 280 (1914), 

“ Sparks, Peppel, and Marvel, J. Am. Chem. Soc., 89, 1361 (1037). 
** Saizbcric and Marvel, iind., 00, 1737 (1928). 
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CH, 

1 

H,C—C—CH» 

I 

C 


CH, C 

1 t 

H,C—C—C=C==C—CH,—CHr—CHr—CH 

1 

CH,, 


CH, 


CH, 


-CHr-CH,—CH,—CH, 


C 

111 

C 


HjC—C—CH* 

1 

CH, 


The union of two rearranged free radicals is apparently responsible for 
isomer formation from the alkynyl hoxasubstituted ethanes. 


n. POLYMERIZATION OP UNSATURATED ALIPHATIC HYDROCARBONS 

Polymerization of unsaturated aliphatic hydrocarbons has been the 
subject of much research during the past few years {soe Chapter 8). 
Present-day investigations of polymerization are directed toward the 
mass production of polymers having predetermined molecular struc¬ 
tures. The lower-molecular-weight polymers are utilis'd us high-octane- 
rating gasoline or as chemical intermediates. High polymers exhibit 
the properties of plasticity, elasticity, and lubricity, and in many ways 
resemble rubber and drying oils, all of which properties are of great 
value to science and industry. 

“Polymerization has been defined as intennolecular combinations 
that are functionally capable of proceeding indefinitely (or loading to 
molecules of infinite size).” ** Polymerization may be divided into 
two types, the combination of identical molecules and the union of 
unlike molecules. The first type has been referred to as true, straight, 
and chain polymerization; the second as inter-, co-, cross, and mixed 

*’ Carotbers, Chetn. Rex., 8, 354 (1931)j 
“ CaroUwM, Trorw. Faraday Sac., SS, 39 (1936). 
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polymerization. The term conjunct polymerization is applied to the 
reaction in which the formation of the product is effected by another 
type of reaction occurring either simultaneously with, preceding, or 
following the polymerization. Other terms used for this phenomenon 
are cyclo-, hydro-, and dehydro polymerization, which refer to polymeri¬ 
zation accompanied by cyclization, hydrogenation, and dehydrogena¬ 
tion, respectively. 

Generalizations on polymerization of hydrocarbons are given as 
follows: **’ 

1. Hydrogen atoms on the unsaturated carbon-earbon linkage are 
necessary for polymerization. Some exceptions have been noted. For 
example, the product of dimerization of propadiene was 1,2-dimethyli- 
dcnecyclobutane, which indicates that the reaction began on the un¬ 
hydrogenated atoms.The mechanism proposed Ls as follows: “It is 
considered that polymerization of two olefins proceeds primarily by 
the addition of a hydrogen atom and an unsaturated alkyl radical to 
a double bond. The, double bond in the acceptor molecule is saturated 
by a hydrogen atom and an olefin radical supplied by the donor mole¬ 
cule. The active hydrogen atom in the donor molecule is taken as 
the one attached to a tenninal carbon ha^^ng a double bond or to 
that double-bonded carbon atom to which the smaller alkyl group is 
attached.” 

2. Polymerization tendencies decrease (with a few exceptions) as 
the molecular weight increases. When the double bond is in the termi¬ 
nal position of the molecule, its tendency toward pcljonerization is 
greatest, but when the double bond is sliifted toward the center, the 
molecule acts more like an alkane. 

Chain mechanisms propagated by free radicals or by activated mole¬ 
cules have been suggested as probable explanations for poljmerization. 
Free radical propagation is illustrated by the following equation: 

R—CIIs—CHj— + Cn*==CHs R—CHi—CH*—CHj—CHj— 

A polymerization supposedly of this type was initiated by the use of 
mercury vapor and light.” The polymerization stopped when illumina¬ 
tion was removed. Chains of the free-radical type are broken by any 
means capable of terminating the free radical, particularly in this case 

•• Wiichu-r, Ind. Eng. Chem., SO, 822 (1938). 

"Burk, ibid., SO, 1064 (1938). 

” Lebedev, J. Ruas. Phya. Chem. Soc.. tf, 1357 (1913) [C. A.. 9. 799 (1916)1. 

” Ipatieff and Conion, Ind. Eng. Chem., 97 , 1069 (1936). 

^'Mi^'vdUe, Trane. I net. Rubber Ind.. IS, 200 (1930); Rubber Chem, Tech,, IS, 667 
(1®40). _ ■ 
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by the interaction of two growing polymers. Parallel to this reaction, 
a “normal direct polymerization” propagated by activated molecules 
was carried out by illumination of the reactants. The activity con¬ 
tinued after illumination ceased. Termination of this polymerization 
may be brought about by hydrogenation or addition of any substance 
capable of reaction with the double bond and by the reaction 

—CH=CH, + CHa==CH-► —CHj—CH==CH—CHz— 

in which the double bond is removed from the terminal position. Chain 
propagation by activated molecules may be represented by the equa¬ 
tion ” 

CH,==CRiRa -> H,C==CRiR2 

(Activated state) 

+ CHi=CRiRj 
(— CH2CR1R2—)„ 

Polymer 


Polymerization of Alkenes. Alkenes undergo polymerization at 
moderately high temperatures, but decomposition and isomerization are 
competing reactions.''* Thermal polymerization of ethene at 330° and 
64 atmospheres resulted in the formation of polymeric alkanes, alkenes, 
and cyclic products.'* In the pol^nmerization of ethene, addition of 0.02 
per cent oxygen was foimd to double the 3 aeld over that obtained in 
the absence of oxygen.’^ Elevated temperatures were undesirable in 
the polymerization of ethene since decomposition began around 525° 
and at 570° the p 3 a'oly 8 i 8 products, hydrogen, methane, and ethane, 
were found.’* 

In the presence of catalysts, alkenes polymerize without undesirable 
side reactions. Proper choice of catalyst and reaction conchtions makes 
posrible the formation of polymers with specific propertieis. For example, 
hi^-octane gasoline has been obtained from the simultaneous poljoner- 
ization and hydrogenation of isobutene in the presence of phosphoric 
acid-nickel oxide-iron catalyst.’* Alkene polymerizations have been 
carried out with catalysts such as alumina on silica,** boron trifluo- 

Chtklmmrs, Con. J. Beaearck, 7, 113 (1932). 

” Egloff, “Reactions of Pure Hydrocarbons," Koinfaold Publishinz Corpn New York 
(1937), p, 243. 

" Ipatieff and Pinos, Ind. Eng. Chem., VI, 1364 (1936). 

” Storch, J. Am. Chem. Soc., M. 374 (1934). 

’> Pease, ibid., &S, 1168 (1930). 

Ipatieff and Komaiewslry, Ind. Eng. Chem., M, 968 (1937). 

••Goyan ibUL, M, 1122 (1933). 
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ride,®’ “ chlorides of aluminum,®®’ ^ magnesium,®® and zinc,®® phosphorus 
pentoxide,*® and phosphoric ®^’ *® and sulfuric acids.®*’ ** Polymeriza¬ 
tion of propene over alumina, alumina on silica, or floridin resulted in 
the formation of liquid alkenes of five to nine carbon atoms and some 
alkanes.®* 

Alkene polymerization using aluminum chloride may involve cycli- 
zation and hydrogen disproportionation. In the polymerization of 
ethene with aluminum chloride, hydrogenation, dehydrogenation, and 
cyclization occur to such an extent that the products consist of alkanes 
and cyclenes.*^ The presence of traces of water vapor or hydrogen 
chloride was necessary for polymerization of ethene with pure aluminum 
chloride as catalyst. The products from ethene with anhydrous alumi- 
nmn chloride at 180° were liquid hydrocarbons and an aluminum chlo¬ 
ride complex which indicates that the mechanism of pol>Tnerization is 
similar to that of the Friedel-Crafts reaction.®^ 

Polymerization of propene and butenes in the presence of 100 per 
cent orthophoaphoric acid has been shown to take place through inter¬ 
mediate ester formation with subsequent regeneration of the acid.*® 
The reaction may take place as indicated: 


CHj=CH—CHa + IljPOa 


CHa 


/ 


OH 


CHa 


1 

H—C—0—P—OH 

1 \q 

CHa 

,OH 


H—C— 0—P—OH -I- H—C 

' % 


CHa 


CH, 


r 

O—P—OH 

\) 


CHa 


2H»P04 + HC—CH,—CH=CHj 


CHa 


•’ Ruthruff. "Action of Boron Holidos on Hydrocarbons,” paper presented at Am. 
C^hem. Sor. Mooting, lioston, September. 1939. 

•’ Otto, Brennsloff-Chem., 8, 321 tl927). 

*> Ipatieff and Rutala, Bcr., 4«, 1748 (1913). 

Stanley, J. Soc. Chem. Ind.^ 49, 349T (1930). 

** Burk, "C'atalysis and Polymerisation," paper presented at Am. Chem. Soc. Meet 
ing, Baltimore, 1939. 

« Mabshev, Oel-KohU Brdoel Terr, 14, No. 23, 479 (1938). 

Ipatieff and Schaad, Ind. Eng. Chem., SO, 696 (1938). 

“Ipatieff and Coraon. iind., *7, 1069 (1936). 

“Ormandy and Craven, J. Inut. Petrolmm Tech., 18, 844 (1927). 

“Ormandy and Craven, J. Soc. Chem. Ind., 47, 317T (1928). 

Ipatieff and Qroaae, J. Am. Chem. Soe., 58, 916 (1936). 

•» Ipatieff. Ind. Eng. Chem., *7. 1067 (1935). 
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From the evidence obtainable, it seems that asymmetrical substitu¬ 
tions favor dimerization and other polymerization reactions, although 
the supporting data are derived essentially from the aromatic rather 
than the aliphatic series.” The dimerizing agent is usually an acid such 
as phosphoric or sulfuric and the reaction may momentarily involve the 
addition of a proton.” When the proton is added, changes take place 
which are characteristic of an atom deficient in electrons; polymerization 
is one of these. 

Alkene polymerizations carried out in the presence of sulfuric acid 
may form alkanes, alkenes, and cyclic hydrocarbons.**’ *® In addition 
to dimeric polymers, higher polymers were produced from isobutene in 
contact with more concentrated acid.**' **’ *^ As with phosphoric acid, 
sulfuric acid-catalyzed polymerization of alkenes involves the formation 
and decomposition of intermediate esters.*® 

Polymers of ethene have been produced by the ozonizer, semi-corona, 
and the electrodeless discharge.** Reactions carried out in the ozonizer 
gave dimers and trimers of propene, 2-butene, and isobutene. Dehydro¬ 
genation was the primary reaction with the subsequent formation ol 
heavy liquid p>olymers. 

Polymerization of Alkadienes. Lebedev in discussing polymeriza¬ 
tion of allenes gave the following principles concerned with that re¬ 
action: 

1. Allenes “polymerize much more readily than the divinyls.” 

2. “In the polj’merization of allenes the union of molecules takes 
place at the central carbon atoms, these being the least saturated. This 
gives rise to both cyclic and spiral arrangements.” 

The more highly unsaturated carbon atoms are the first to react in 
the formation of cyclic products from allenic molecules; thus propadiene 
dimerizes to 1,2-dimethylidenecyclobutane: 

CHj 

11 

H2C==0=CHs + HjC==0=CH, -♦ HjC C=CHs 

XT 

Bergmann, Tram. Faraday Soc., 35, 1025 (1939). * 

Whitmore, Ind. Eng. Chem., 36, 94 (1934). 

Lebedev and Kobliansky, Ber., 63B, 103 (1930). 

•• McCubbin, J. Am. Chem. Soc., 63, .356 (1931). 

" IpatieS and Pines, J. Qrg. Chtm., 1, 464 (1936). 

•• Ipatieff, "Catalytic Reactions at High Pressuree and Temperatures,” Macmillan 
Co., New York (1936), p. 549. 

•• Thomas, Egloff, and Morrell, Chem. Rev., 26, 1 (1941). 

“•Lebedev and Mereshkovskii. J. Bute. Phys. Chem. Soc., 45, 1249 (1913) [C. A., 8 
320 (1914)]. 
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Thennal polymerization at 270° of the non-conjugated 1,4-pentadiene 
results in the formation of l-methyl-2-propenylcyclohexene.‘®‘ This 
product is probably formed as a result of isomerization preceding dimeri¬ 
zation, but the possibility of initial formation of the dimeric free radical, 
CHo==CH—CHa—CH—CHa—CH 2 —CH—CHz—CH=CH 2 , may not 

I 1 

be entirely eliminated.''® 

Alkadienes having substituents on the non-terminal carbons of the 
group C=C—C=C polymerize more readily than those in which the 
terminal carbons of the conjugated group are substituted. The rate of 
polymerization is also increased where ring formation occurs in the 
chain containing the conjugated system. At 750°, 2-methyl-1,3-penta- 
dicne formed a series of aromatics.''® The conjugated alkadiene, 2,4- 
hexadicnc, polymerized readily at temperatures between 100° and 
150°.'“'’ 

Catalytic polymerization of alkadienes is brought about by various 
substances, especially the alkali and alkaline-earth metals. The organo- 
raetallic derivatives of the alkali metals catalyze condensation of alka¬ 
dienes to unsaturated polymers, saturated poljmers, and both alicyclic 
and aromatic compounds. Catalytic polymerization products of a 
cyclic nature, have been obtained as the dimeric forms. In this case, the 
conjugated dienes exhibit a combination of 1,2- and 1,4-addition which 
produces alkcnylcyclohexcnes.*'' 

Alkali and alkaline-earth metals have been used to catalyze alka¬ 
diene polymerizations. With metallic sodium, butadienes gave high 
aliphatic polymers.''’^ A series of arrested dimerizations catalyzed by 
imtassium in alcohol, however, produced cyclic dimers and indicated 
that the ring clo.sures occurred in the following stages; 


H 

(H)C=C-C=CH3 

i I ? 

I H2C==C-C=CH2 

1 _.♦ I 

CH, 


cHj n 

HC=C—=C=CH2 

ap'x' 

H 2 C-C—C=CH* 

I I 

n CH, 


I 


CH, H 

HC=C-C-CH, 

._sJ 

H 2 C-C-C=CH, 

H CH, 


Farmer, Trans. Faraday Soc., 36, 1034 (1939). 

'“Ahmad and Farmer, J. Chem. Soc., 1176 (1940). 

Staudinger, Endle, and Herold, Ber., 46, 2466 (1913). 

L'vov, J. Gen. Chem. (U.S.S.R.), 7, 928 (1937) [C. A., 81, 5318 (1937)]. 
*“ Sparks, Rosen, and Frolich, Trans. Faraday Soc., 36, 1040 (1939). 
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H H CH* 
(H)C=C-C=CH8 


ri 


H 

I 


! H3C=C-C=CH* 
t __ T I 

-- CHs 


H CHa 

H2C=C-C=CH3 

H3C=C-C=CH j 
H CHa" " 


H 

C=.C-C*CHj 
(H) \ 

h\ ! 

I ■>1 + 

HsC-C-C=CH2 
I I 

H CH, 

II 

HCH. 

HaC=C-C-CH3 
/ ^ 

► y^JH) 
HjC=C-C=CH, 
H CH, 

III 


H 

C»C-C=CHa 
H H 
H,C-C-C-CH, 
H CH, 


HCH, 
H,C=C-C-CH2 

H-C-C-C=CH 
I I I 
H H CH, 


Probable mechanisms of polymerization in the presence of alkali metals 
are (a) the formation of addition compounds with the alkali metal and 
(6) free-radical chains,*®^ 

H H Hs H H H, 

I I • 1111 

(а) H2C=C—C=CH2 + 2 Na -» Na—C—C=C—C—Na 

H, H H H, Hs H H H, 

I I I I I I I I 

Na—C—C=C—C—Na + 2 C==C—C=C 

H, H H H, H, H H H, H, H H H, 

I I I I I I I I I I I I 

Na—G—C=C—C—C—C=C—C—C—C=C—C—Na 
H H H 2 H, H H H, 

ill till 

( б ) H2C=C—C=C + Na Na—C—C=C—C— 

H, H H Hs H H 

I I I I 11 

Na—C—C=C—C— + H2C==C—C=CH2 -> 

H, H H H, Ha H H H, 

I I I I I I I I 

Na—C—C=C—C—C—C=C—C— 

Condensations of 1,3-butadiene and 2-methyl-1,3-butadiene have 
been carried out in the presence of phenylisopropylpotassium.^"*' 

Abkin and Medvedev, ibid., 33, 286 (1936). 

Bergmann, ibid., 38, 296 (1636). 

I®* Ziegler and Kleiner, Ann., 473, 67 (1929). 

“• Ziegler, Dcrsch, and Wollthan, Ann., »11, 13 (1934). 
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The stepwise reaction probably involves 1,2- or 1,4-addition of the 
potassium and the phenylisopropyl group: 


CHj H 
I I CH, 

HjO=C-C=CHj /\ 

+ C»H,—C—K 

\ 

CH, 


I 

H,C—C—CH, 


C,H, 

1 

H,C—C—CH, 



C,H, 

I 

H,C—C—CH, 

\ I 

X CH, 

1 

CH 


CH, H 
H5C=i- 


C—CH, 

I 

H,C—K 


C,H. 

I 

H,C—C—CH, 

I 

CH, 

I 

CH CH, etc. 

II II 

C—CH, C-CH, 

I I 

CH,-CH, 


H,C—K 

I 


Titanium chloride in chloroform and stannic chloride catalyzed the 
formation of cyclic polymers from B-methyl-lj^-butadiene.^” The ad¬ 
dition of oxygen to 2,3-dimethyl-l,3-butadienc catalyzed polymerization 
resulting, possibly, from the formation of peroxides.'^ Acetic acid with 
sulfuric acid promoted the polymerization of 2-methyl-l,3-butadiene 
into terpenes.^"* Butadiene polymerized in the presence of mercury 
vapor as a result of photosensitization.“^ The yield as shown by the 
number of molecules polymerized per quantum of light was independent 
of temperature and pressure. Chains are apparently initiated by the 
sensitized mercury atoms with the reaction proceeding as follows: 

Hg* -t- CHf=CH~CH=CH 2 (1) Hg—CHj—CH==CH—CHr- 
or 

(2) Hg—CHi-CH—CH=CHs 

I 

Formation of (1) predominates over (2). The reaction occurs partially 
at the surface with both deactivation and activation of polymers taking 
place at the surface. 

no Wagner-Jauregg, Ann., 496 , 52 (1932). 

Staudinger and Lautenschl^gor, Ann., 488 , 1 (1931). 

Gee, Trans. Faradau Soe., 84 , 712 (1938). 
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Polymerization of Alkynes. Thermal polymerization of ethyne to 
benzene and other aromatic hydrocarbons has been known for many 
years.^“ Between 300° and 500° thermal polymerization of ethyne 
occurs without excessive decomposition of the hydrocarbon.^^^ At the 
beginning of the polymerization, there is apparently a bimolecular, 
homogeneous reaction.Exudence indicates, however, that in later 
stages polymerization is a unimolecular process. Both aliphatic and 
aromatic compounds may be obtained from catalyzed alkyne polymeri- 
zations.^’ It is postulated that the polymers of ethyne contain cyclic 
structures (n = number of molecules of but-l-en-3-yne): 


CsCH 



Aliphatic compounds were obtained from ethyne in the presence of 
cuprous chloride, ammonium chloride, metallic copper, and moisture. 
The reaction probably involves the formation of complex cuprous salts 
of ethyne; 

HC^H + =C=CH2 -> HC^C—CII=CIl2 

(Cuprous 

coxnpiea^ 

H2C==€H—C^H + =C=CH2 -» H2C=CH—C^C—Cn=CH2 
HjO=CH—C^H + =C=CH—CH=Cn2 

HjC=CH—C=C—CH=CH—CH=CH2 

Cyclic polymers are formed from ethyne when it is heated in the pre.s- 
ence of acids, acid anhydrides, or phenols.*’* By using an electric 
discharge, polymerization of alkynes to alkadiynes and alkadienynes 
was effected.**® Photopolymerization gave both aliphatic and aromatic 
polymers.***’ ***■ *** 

^“Berthelot, Bull. soc. chim., [2] 11, 4 (1869). 

Schl&pfer and Brunner, Heh. Chim. Acta, IS, 1125 (1930). 

“‘Pease, J. Am. Chem. Soc., 61, 3470 (1929). 

*“ Taylor and Van Hook, J. Phys. Chem., 39, 8II (1936). 

Kato and Aikawa, J. Elektrochem,. Aeaoc. Japan, 3, 261 (1936) (C. A., 30, 2555 
(1936)]; Iki and Ogura, J. Soc. Chem. Ind. Jamn, 30, 461 (1927) [C. A., 31, 3046 (1927)]. 
“• Dykstra, J. Am. Chem. Soc., 66 , 1625 (1934). 

“* Nieuwland, Calcott, Downing, and Carter, ihid., 63, 4197 (1931). 

***de Saint-Aunay, Chimie & indusirie, 39, 1011 (1933). 

Lind and Livingston. J. Am. Chem. Soc., 64, 94 (1932). 

Kemula and Mrazek, Z. phyeik. Chem., S3B, 358 (1933). 

“• Livingston and Schiflett, J. Phye. Chem., 38, 377 (1934). 
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Ethyne polymerizes when subjected to the a-rays from radon.^ A 
mercury photosensitized reaction at temperatures up to 500° gave 
ethyne polymers containing 200 carbon atoms.*® The rate of reaction 
was independent of the ethyne pressure but was proportional to the 
rate of chain initiation, which depends upon light intensity. The chain 
reaction involving a complex activated mercury-ethyne combination 
may be stopped by a “collision between an ethyne molecule and the 
polymer, of a different character to the propagating collision.” 

Ethyne also combines with alkenes to form unsaturated hydrocar¬ 
bons of higher molecular weight.*® Although thermal polymerization 
of an alkyne and alkene at higher temperatures yields alkadienes, ther¬ 
mal polymerization at lower temperatures and catalytic polymerization 
yield alkynes of higher molecular weight.*-'' *^* The alkadiene probably 
results from isomerization at the higher temperatures. 

m. ALKYLATION OF ALKANES 

One of (he most important processes in hydrocarbon chemistry is 
the alkylation of an alkane with an alkene. The reaction of isobutane 
with alkenes, discovered by Ipatieff, was the beginning of many studies 
resulting in the commercial use of this fundamental reaction. The alky¬ 
lation of aliphatic hydrocarbons is an important reaction in the com¬ 
mercial production of aviation gasoline. Alkylation is the basis for 
producing neohe.xane (2,2-dimethylbut5ne) from isobutane and ethene, 
or 2,2,4-trimcthylpentane from isobutane and isobutene, now commer¬ 
cial processes for preparing aviation gasohne. 

Alkylation of aliphatic hydrocarbons may be defined broadly as the 
replacement of hydrogen atoms of an alkane by alkyl groups. Polymeri¬ 
zation of alkenes can be considered as alkylation. These reactions are 
discussed separately under “Polymerization.” 

Isoalkanes are readily alkylated at or above room temperature when 
boron trifluoride, nickel, and hydrogen fluoride are used together as the 
catalyst.***® From the reactions of isobutane, 2-methylbutane, and 
2,2,4-trimethylpentane with ethene, and isobutane with isobutene, a 
scries of isoalkanes containing even and odd numbers of carbon atoms 
per molecule is always obtained. The cracking reaction accompanies 
the alkylations. 

Mund, Vclghe, Devos, and Vanpoe, Bull. soc. chim. Belg., 48, 269 (1639) [C. A., 
33, 9146 (1939)]. 

Melville, Trans. Faraday Soc.. 38, 268 (1938). 

Bcithelot, BuB. soc. chim., [2] 6, 268 (1866). 

***Prunier, j4nn. chim. phys,, 16)17, 16 (1879). 

Dubose and Luttringer, "Rubber,” C. Grilfin and Co., Ltd., London (1918), p. 263. 

*** Ipatieff and Grosee, J. Am. C'hem. Soe., 67, 1616 (1936). 
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The abnonnal behavior of 2,2,4-trimethylpentane under ethylation 
can be ascribed to a dealkylation into isobutane and isobutene. The 
boron trifluoride apparently acts by formation of complexes with the 
alkane. The action of aluminum chloride on n-butane, ur-hexane, 
rt-heptane, and 2,2,4-trimethylpentane has been assumed to be a split¬ 
ting of the original hydrocarbon into a smaller alkane and an alkene 
which immediately alkylates other alkane molecules present.* 

Further investigations of alkylation have shown that the reaction 
is a general one for higher alkanes.The alkylations of isobutane and 
n-hexane with ethene were catalyzed by aluminum chloride at about 
15 atmospheres pressure.'*®’ **' The products were alkanes up to dode- 
canes from isobutane and higher-molecular-weight products from ti- 
hexane. 

Alkylation using aluminum chloride at low temperatures and atmos¬ 
pheric pressure produced a monoalkylation.'*' Very low temperatures 
(—100®) were undesirable, since inactivity of the alkanes caused poly¬ 
merization of alkenes to predominate over the alkylation reaction. 
Alkylation of isobutane with a mixture of 1- and 2-butenes at —35° 
yielded isooctanes and isododecanes in a 5 :1 proportion. The isooc¬ 
tanes are made up largely of 2,2,3- and 2,2,4-trimethylpentane, which 
indicates that some isomerization of the n-butenes to isobutene took 
place. These reactions are illustrated as follows; 

H H H, CH, H H, 

I I i III 

(1) HsC—C—CHj + H2C=0—C—CH» H,C>—C—C—C—CH, 

I I I 

CH, CH, CH, 

(2) H,C==CH—CHr-CH, H,C=C—CH, 

CH, 

H CH, H, H 

I ill 

H,C—C—CH, + H,C=C—CH, H,C—C-C—C—CH, 

I I II 

CH, CH, CH, CH, 

H H H, H, H 

I I I I I 

H|C—C—CHj H 2 C=C—CHj HjC—C—C—C—C—CHs 

I i II 

CH, CH, CH, CH, 

Ipalieff. Grosse, Pines. axsA Komaiewsky. 08. 813 (1836). 

Ipatieff, “Catalytic Reactions at High Pressures and Temperatures,” Macmillan 
Oft., New York (1936), p. 673. 

>** Hnes, Grasse, and Ipatieff, /. Am. Cham. Soc., M, 33 (1942). 
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Catalysts less active than aluminum chloride can be used to advan¬ 
tage at higher temperatures. Isobutane and ethene reacted at 100® in 
the presence of zirconium chloride, yielding 99 per cent of alkanes.^^’ 

Several investigators have described alkylations of isoalkanes by al- 
kenes in the presence of concentrated sulfuric acid at ordinary tempera¬ 
tures. The use of too highly concentrated acids leads to carbonization, 
oxidation of hydrocarbons, and a decrease in the octane rating and yield 
of the alkylate. An excess of isoalkane over that required for equi- 
molecular addition to the alkcne results in an increased yield of aviation 
gasoline and in a decreased amount of high-boiling hydrocarbons. Evi¬ 
dently, such excess of isoalkane prevents or reduces polymerization of 
the alkenes. Highly branched alkanes were formed from isobutane by 
addition of the following alkenes in the presence of sulfuric acid: 1-bu¬ 
tene, 2-butene, isobutene, and 2-melhyl-2-butene. 

Alkylations in the presence of sulfuric acid proceed by the union of 
an alkyl group containing a primary carbon atom with an unsaturated 
group containing a tertiary or quaternary carbon atom: 

H H H 

I 111 

HjO=CH + HaC—C—CHj -♦ HaC—C—€—C—CH, 

II II 

CH, CH, CH, CHa 

CH, H CHa Ha H 

I I III 

HaC=C + HaC—C—CH, -► H,C—C-C—C—CH, 

II II 

CHa CHa CH, CH, 

CH, Ha H CHsHj Ha H 

I II I I I I 

HaC=C + HaC—C—C—CHa H,C—C-C—C—C—CH, 

II II 

CH, CH, CH, CH, 

Alkylations of isoalkanes by alkenes are assumed to involve: (1) the 
formation of an intermediate complex between the isoalkane and sul¬ 
furic acid; (2) the transfer of a proton from the sulfuric acid to an alkene, 
whereby the last molecule forms a positive or carbonium fragment; 
(3) the restoration of the issuing hydrogen sulfate part by the transfer 
of a proton from a terminal methyl group of the attached isoalkane, 

Ipatieff, “Catalytic Reactions at High Pressures and Temperatures,” Macmillan 
Co.,^ew York (1936), p. 682. * 

■i** Ipatieff, Grosse, and Komarewsky, paper presented at Am. Cbem. Soc. Meeting, 
Ban Francisco, 1035. 

*•* Birch, Duuston, Fidler, Pirn, and-Vait, Ind. Mng, Chem., SI, 1079 (1939). 
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making the latter a oarbanion; and (4) the union of carbanion and car- 
bonium ion with liberation of free sulfuric acid.’“ These steps are 
patterned after the mechanism for an acid-catalyzed polymerization, 
and are illustrated as follows: 

*+ 



,+ i,+ 

CH, -» CH <- CH, 

HO 0 

S 

/N- 

HO 0 

HO 5 CH, 

\++/ yi- i+ 

S CH—CH, 

HO O CH, 

lAic>rm9diAlflr oom)>lex 

CH, 

HO 0 CH, 

CH, 0 0 CH, 

t 

\/ / 

! \/ / 

CHr-C -f 

S CH—€H, -♦ 

CHr-C® .S CH—CH, 

!l 

/\ \ 

i /\ \ 

CH, 

HO 0 CH, 

CH, HO 0 CH, 

1 

CH, HO 0 CH, 

CH, 

CH, 

i 

! 

! \y / 

CHr-C—CHt-CHC—II, + IltSO, — 

i 

CH, 

CHr~C® .S ('H -CH,0 

1 / \ \ 

CH, HO 0 CH, 


Tlie foregoing representations, however, are attendfd l>oth by the 
general difficulties of the carlxjriiuni-iun tht*or>' and by disn-garU of de¬ 
hydrogenation-hydrogenation and other reactions (H’Curring in the 
presence of sulfuric acid. Numerous secondaiy n'actions «ceompan_v an 
alkylation catalyziHl by sulfuric acid, h'or example, the butene, and 
m^thylbutanc reaction may proceed as indicated: 


H 11, 

I i 

H,C^-C—C—CH, 


or 


B Ht 

i ! 

H/:—C—C—CH, -f H,C—r—C.'—CH. 

I ! i 

CH, H H 


or 

H,0—C-CH, 

I 

CH, 

It 

MBMb and DnMtaa. Tran*. FmOtm fiec^ SI, 1011 (tmi). 
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I 1 

c~cn, 

I I 

CIU CIIi 

One observation serioviiJy contradicta the carbonium-ion theoiy of alky¬ 
lation, namoiy, the formation of typical alkylates at —12° by slow 
addition of diiaoprofiyl sulfate to a nuxturi' of isobutanc and sulfuric 
acid.^** 

The fort'tcoing; examples <if alkylation of alkanes, using bortm tri- 
fluoride, ahiminum ehlorid*'. airconiutn tetrachloride, or sulfuric acid 
as catalysts, prest'rjt the w<*ll-defin<al catalytic proet'dures. Other alkyl¬ 
ation procx'sses are cilhfT of thermal nature or of ruort' coiuplieated 
catalytic character. 

Neohexane {2,2-dimethylbutane) is produced commercially by the 
thermal proc(*ss and markeUnl as a high-volatility aviation fuel.**’' 

Propane has Ix-en alkylated by ethene at tempi'ratiut?* about 500® 
and over 300 atmospheres prt'ssure, yielditig n- and isopentanes. A 
aunilar treatment of isobutane and ethene gaw 2,2-diinethylbutane 
and 2-roetliylp{'«tane.***- ***• '** Thtasc thermal alkylations proceed with¬ 
out isomerisation; 

unU fury. /’•/ruJeuwi A'ftnt. 91, No. 4S, R-603 (tSSa); Oil Oat M, 
No. 29, 70 (»#»»). 

'■ Frey sad Hepp, Ind. Bng, Chum., U. 1439 (1930). 

Kroy. Oil (mu J.. U. No. 34. 40 (t«3T). 

*** Ot)«rf«tl Mid Fray, lOjtner <VMur<tl OatUiat M/r., tS. 433 (1936); CBt Om No. 
38 . SO U 1 ^ 9 ). 
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HsC—C—C—C—CH» 

I I I 

Hj Ha Ha 

H 

I 

HaC—C-C—CHs 

I I 

CHs Ha 

CHs Ha 

I I 

H HaC—C-C—CHs 

I /■ I 

HsC—C—CHs + H2C=CH2 CHs 

I \ 

CHs H Ha Hj 

I I I 

HsC—C—C—C—CHs 

I 

CHs 

The alkali aluminum chlorides are active catalysts for alkylation 
only when (a) the alkane is introduced in excess of the alkcne to lessen 
the competitive reaction of polymerization, (6) alk(mes of small size are 
utilized to decrease the polymerization tendency, (c) moderate rates of 
hydrocarbon input are maintained to obtain an appreciable alkylation, 
(d) optimum temperatures are used for the particular catalyst selected, 
and (e) fresh catalyst is used. The alkali aluminum chlorides were 
selective toward alkylation of isobutane for about 5 hours and functioned 
thereafter as pol 3 Tnerization catalysts. 

IV. DEHYDROGENATION OF ALIPHATIC HYDROCARBONS 

Thermal dehydrogenation of alkanes to alkenes, alkadienes, and 
alkynes has been recognized for a long time, but the reaction shows no 
Jselective production of alkenes and alkadienes in high yields.^^* In re¬ 
cent years, catalysts have been found which are selective and bring 
about almost quantitative dehydrogenation of ethane, propane, 7i-bu- 
tane, and isobutane to the corresponding alkenes, and of butenes, 
isobutene, and pentenes to alkadienes. Cracking of the carbon-carbon 
linkages is eliminated for the most part in the catalytic reaction while 
thermal dehydrogenation is accompanied by considerable cracking. 
Coihmercial importance of the r^ulting alkenes is found in the manu- 

i« Egloff, "Reactioiu of Pure Hydrocarbons," Reiiihold Publiahing Corp-< New York 
(l0Sr), pp. 34. 27ft 


H, 

I 

H*C—C—CH, + H2C==CH2 


\ 
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facture of high-octane-rating gasoline by conversion of the butenes into 
isooctanes through alkylation and hydrogenation. The isobutene and 
butadiene from butanes are used as basic materials in the production of 
synthetic rubber and resins. 

Dehydrogenation of Alkanes. A comparison of thermal with cata¬ 
lytic dehydrogenation, at 600° and 1 atmosphere pressure of n-butane, 
shows only 14 per cent conversion to butenes in the thermal reaction 
while over 95 per cent conversion was obtained in the catalytic reac¬ 
tion.Dehydrogenation is considered thermodynamically impossible 
except at elevated temperatures, and alkanes, especially the higher ones, 
decompose at these temperatures.^*® The equilibrium constants for the 
first four alkanes from 350° to 500° in reactions catalyzed by chromium 
oxide gel, with no appreciable side reactions, show that dehydrogenation 
increases with temperature and the shorter chains are more stable than 
the longer chains at liigher temperatures as indicated in Table II. 


K 

(CsILKHii) 

CjH, 

(CsHeXIb) 

Calls 

(CHaCIIjCn^CHsKHi) 

CH3CH2CH2CH3 

(tmnj-CH3CH=CHCH8) (Ib) 
CHSCH 2 CH 2 CH 3 

(w-CHsCH^CHCHa) (H2) 
CH3CH2CH2CH3 

((CH3)2C=CH2)(H2) 

(CHsliCHCHs 


TABLE II 


350“ 

O 

o 

450“ 


0.00015 

0.00076 

0.00038 

0 0022 

0.0074 

0.00045 

0,0022 

0.0075 

0.00083 

0.0039 

0 014 

0.00052 

0.0025 

0.0087 

0.0017 

0.010 

0.042 


600“ 

0.0032 


The first requisite of the catalyst is that it must promote splitting 
off of hydrogen without cleavage of the carbon-carbon bond.®** Com¬ 
pounds which catalyze dehydrogenation at lower temperatures are not 
used unless capable of selective activity above 500°, since equilibrium 
shifts toward the alkane below 500°. Accumulation of carbonaceous 
deposits and other materials foreign to the reaction deactivates the 
catalyst; therefore the catalyst must be capable of rapid regeneration 

**“ Grosso, Ipatieff, Egloff, and Morrell, Ptoc. Am. Petroleum Ind., 90 III, 110 C1039) 

'** Prey and Huppke, Jnd. Eng. Chem,, 96, 64 (1033). 

“‘Grosse and Ipatieff, ibid., S9, 268 (1940). 
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under commercial conditions.*"’ *" Excessive temperatures may dis¬ 
rupt the physical structure of the catalyst, and then regeneration is not 
possible.*" 

From consideration of chemical composition, the oxides of the tran¬ 
sition metals of groups IV, V, and VI, such as chromium, molybdenum, 
vanadium, titanium, and cerium, are the best catalysts.*" Chromium 
oxide has been used most extensively. When used in reactions of hydro¬ 
carbons having six or more carbon atoms, it also catalyzes cyclization of 
the carbon chain. The oxide is more active when supported on a carrier 
of relatively lower activity such as alumina. Activated alumina alone 
promotes dehydrogenation but is less effective than chromium oxide on 
alumina.*" Chromium oxide is active in the gel form at 400° but is 
unstable at 500°. The gel form is not useful for dehydrogenation since 
equilibri\im is on the alkane side at lower temperatures. Alumina also 
modifies the activity of compounds which are too active for use as de¬ 
hydrogenation catalj'sts. Iron oxide in gel form, for example, catalyzes 
disruption of the hydrocarbon molecule, but promotes selective dehydro¬ 
genation when employed on an alumina carrier. Aluminum oxide was 
used as carrier for nickel oxide, vanadyl .sulfate, zinc oxide, and reduced 
nickel; it rendered them effective in reactions carried out at 500° to 600°. 
The high adsorptive activity as well as the porous solid stnicturc of 
alumina seems to be the reason for its suitability. Relation of high ad¬ 
sorptive capacity to catalytic activity is evidenced by the nece.ssity of 
small amounts of water or hydrogen sulfide in the reaction. 

The temperature range suitable for catalytic dehydrogenation of 
alkanes *" is between 500° and 750°. When chromium oxide on alumina 
is used, however, temperatures between 500° and 600° are adequate. 
The reaction is successfully carried out at atmospheric pressure. The 
readiness with which dehydrogenation takes place increases as the size 
of the hydrocarbon molecule increases up to a maximum at which 
cradpng or carbon-carbon scission takes place.*" As the time of reac¬ 
tion is lengthened, dehydrogenation increases to a maximum, after 
which secondary reactions begin to complicate the reaction. In experi¬ 
ments with copper on pumice, the following reactions, (2) and (3), 
predominated over (1), but the relative extent of reaction (1) was in¬ 
creased by shortening the contact time.*" 


(1) 

C4H10 —^ C 4 Hg '4" Hs 

(2) 

C4H10 —► CjHft + CH4 

( 3 ) 

C4H10 —* CjtH4 4- CjIIq 


Burgin, GroU, and Roberts, OH Gat J., 37, No. 17, 48 (IMO). 
Maticnon, KUng, and Florantin, Compi. rend., IM, 1040 (1932). 
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The presence of small amounts of water vapor, about 0.1 mole per cent 
introduced with the hydrocarbon, seems to be necessaryWithout 
this moisture, the catalyst is inefficient, but with excess moisture, the 
activity is also decreased. The action of the water is probably the for¬ 
mation of a monomolecular layer over the catalyst and regulation of 
the state of hydration of the alumina. The postulation has been made 
that the monomolecular layer is the seat of dehydrogenation and that 
the reaction may occrzr between the carbon-hydrogen bonds of the al¬ 
kane and the activated hydrogen-oxygen bonds in the adsorbed state. 
Hydrogen sulfide and other compounds containing hydrogen bonded to 
an electronegative element function in the same manner as water. 

Dehydrogenation of Alkenes. Conjugated alkadienes result from 
the catalytic dehydrogenation of the alkenes. Whether 1- or 2-butene 
was used as starting material, the final product was 1,3-butadiene.^** 
Likewi.se the pentenes and methylbutencs yielded 1,3-pentadiene and 
methyl-l,3-butadicne, respectively. A tendency to form allene type 
products was not observed with butenes and pentenes, and propene 
yielded predominately carbon and hydrogen when subjected to dehydro¬ 
genation conditions. Alkynes are not formed in the catalytic dehydro¬ 
genation of alkenes, and starting with butadienes under dehydrogenation 
conditions, the reaction yields liquid polymerization and condensation 
products. The catalysts used for dehydrogenation of alkanes to alkenes 
are effective in producing alkadienes from alkenes. The equilibrium 

HiC==CH—CHi—CHa fc? CIl2=CH—CH=CHj + H* 

is shifted to the right by both increased temperature and diminished 
pressure. The amount of butadiene from 2-butene at 700“ was also 
increased by the presence of magnesium oxide, zinc oxide, silica gel, 
platinrim, iron, copper, and charcoal.’** Yields decreased in these ex¬ 
periments when the velocity of the incoming butene was increased or 
the time of reaction shortened. Carbonaceous deposits are formed to a 
greater extent in the dehydrogenation of alkenes than of alkanes. By 
shortening the contact time, carbon formation may be minimized.’** 


V. DEHYDROCYCLI2ATION OF ALKANES AND ALKENES 
TO AROMATIC HYDROCARBONS 

For a long time, aliphatics and alicyclics have been known to give 
low yields of aromatic hydrocarbons at high temperatures by cracking.’*’ 

Beeck, Nalrire, 1S8. 1028 (1936). 

’’’GroBse, Morrell, and Mavity, Ind. Eng. Chem., 33, 309 (1940), 
u* Fedorov, Smirnova, and Semenov, J, Applied Ckem. (.U.S.S.R.), 7, 1166 (1934) 
[C. A., 39. 6808 (1035)]. 
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In recent years, however, a new reaction of catalytic dehydrocyclization 
or aromatization has been used to convert alkanes and alkenes of six 
to ten carbon atoms into aromatic hydrocarbons in almost theoretical 
yields. The products obtained are those predicted when rearrangement 
of the hydrocarbon skeleton prior to cyclization does not take place. 
For example, n-hexane or n-hexene and n-heptane or n-heptene yield 
benzene and toluene respectively. Thermodynamic considerations in¬ 
dicate that dehydrocyclization should be carried out above 300°. 
Since the aliphatic hydrocarbons decompose at these temperatures, 
aromatization requires the selection of a dehydrogenating catalyst that 
does not split the carbon-carbon linkages. A catalyst which can readily 
be reactivated is necessary since the catalyst is poisoned by accumula¬ 
tion of hydrogen, water vapor, oxygen, by-products, and carbonaceous 
materials. The more efficient catalysts are found in the oxides 
from metals of groups IV, V, and VI of the periodic table. Certain 
variations of these oxides promote an almost quantitative reaction. 
Alkenes, however, are not wholly eliminated as products of the reaction 
even with these catalysts. 

Moldavskii and co-workers obtained, with chromium oxide as cata¬ 
lyst at about 470°, appreciable amounts of aromatics from the dehydro¬ 
cyclization of alkanes having six to ten carbon atoms.'^® Molybdenum 
BuMde and activated carbon also caused dehydrocyclization. Octane 
was converted into 1,2-dimethylbenzene by the catalytic action of zinc 
oxide, titanium oxide, molybdenum oxide, or molybdenum sulfide at 
temperatures of 400° to 550°.^®^ Activated wood charcoal or carbon 
deposited on iron turnings promoted the conversion of octane into 1,2- 
dimethylbenzene and of 2,5-dimethylhexane into 1,4-dimethylben- 
zene.**® Other experimenters using platinized charcoal at about 310° 
obtained small yields of aromatics.*®* Platinum with nickel catalyzed 
the reaction at 260° to 350°.*“ Nickel with alumina promoted dehydro- 

•••Taylor and Tiirkevich, Trarw. Faraday iSoc., 36, 921 (1939). 

^ Zelinsky, Kasanskii, Liberman, Lossik, Plate, and Serguienko, Compt. rend. acad. 
*ci. XJ.R.S,S.^ 27, 443 (1940); Kazanskii, Plate, Bulanova, and Zelinsky, ibid.^ 27, 658 
(1940); Kfyyanwkji, Serguienko, and Zelinsky, t(nd., 27, 6G4 (1940). 

Grosse, Morrell, and Mattox, Ind. Eng. Chem., 32, 628 (1940). 

Moldavskii, Kamusher, and Kobyl'skaya, J. Gen. Ckem. (U.S.S.R.), 7, 169 (1937); 
Refiner Natural Gasoline Mfr., 18, 118 (1939) ; Moldavskii and Komusher, Compt. rend, 
acad. Bci. V.R,8.S„ 10, 366 (1936). 

Moldavskii, Kamuaher, and Kobyl’skaya, J. Gen. Chem. {U.S.S.R.)t 7,1835 (1937) 
[C. A., 32, 508 (1938)]. 

Moldavskii, Bcaprozvannaya, Kamusber, and Kobyl’skaya, 7, 1840 (1937) 
IC. 32, 608 (1938)1. 

••• Kasanskii, Plate, and Goledman, Compt. rend. acad. sci. U.R.S.S.^ 23, 260 (1939); 
Kaaanfllrii and Plate, /. Gen. Chem. {U.8.SJi.), », 496 (1939) [C. A., 33. 9294 (1939)]; 
TTimtnmlai and Plate, Ber., 69, 1862 (1936). 
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cyclization of n-octane and n^ecane, but this catalyst also caused the 
side chain to split, yielding toluene and alkanes as the final products 
Chromium with copper and phosphoric acid catalyzed dehydrocycliza- 
tion of n-heptane, n-decane, and isodecane, but yields were less than 50 
per cent.^®® Chromium borate was effective but its activity decreased 
rapidly.^* 

The oxides of metals of groups IV, V, and VI give much better 
results than other catalysts which promote dehydrocyclization, and the 
form in which they are used is important. With chromium oxide gel at 
about 470°, 89 per cent toluene was obtained from heptane and 90 per 
cent aromatic products from heptene.*‘“ With freshly prepared chromic 
oxide, the aromatic yield was composed of almost 100 per cent benzene 
from n-hexane, 95 per cent toluene from n-heptane, and about 80 per 
cent 1,4-dimethylbcnzcne from 2,5-dime thy Ihexane.’®" The activity 
of previously ignited chromium oxide decreased much more rapidly 
than that of the non-ignited.‘** Chromium oxide deposited on the 
previously ignited compound, however, was more effective than either 
form alone.On alumina, non-iguited chromium oxide is very good 
and may be readily regenerated with air. Vanadium, thorium, molyb¬ 
denum, and uranium oxides were also more active when used on an 
alumina carrier. Chromium oxide is effective at lower temperatures 
than vanadium oxide.The comparative value of the oxides as cata¬ 
lysts was chromium, vanadium, and molybdenum > chromium and 
vanadium > chromium and molybdenum > chromium > vanadium 
and molybdenum.A mixture of cobalt oxide and chromium oxide on 
alumina also catalyzes aromatization, and this catalyst is readily 
regenerated.*®^ 

The results of dehydrocyclization vary with the size and structure 
of the hydrocarbon used. The reaction is less successful if the compound 
must isomerizc to a six-carbon chain before cyclization as in the case of 
the methylpentanes.*®® An increase in the size of the hydrocarbon 
molecule increases aromatization. rr-Nonane produced about 38 per 
cent more aromatic products than did rj-hexane. Cracking reactions, 
i.e., carbon-carbon cleavages, become more important with hydrocar¬ 
bons having more than eight carbon atoms. In some hydrocarbons, 

Komarewsky and Rieaz, J. Am. Chem. Soc., 61, 2624 (1939). 

Karzhev, Sever'Yanova, and Siova. Oil Gas J., S7. No. 4.50 (1938); Khim. Tterdoga 
Topliva, 7, 559 (1936). 

Kazanskii, Liberman, Plate, Serguienko, and Zelinsky, Campt. rend. acad. sd. 
UJI.S.S., 27, 446 (1940). 

Hook, VerheuR, and Zuiderweg, Trans. Faraday Soc., S5, 993 (1939). 

Koch, Brennstnff-Chem., 20, 1 (1939). 

**’Sergienko, BvU. acad. sci. U.R.S.S., No. I, 191 (1941). 



30 


ORGANIC CHEMISTRY 


chain branching is observed to increase the yield of aromatics, but in 
others it seems to decrease aromatization. The difference between 
2,5-dimethylhexane and 3-methylheptane indicates that branching 
favors aromatization, but the difference in the products of 3-methylhep¬ 
tane and n-octane shows the contrary. When compounds present alter¬ 
native courses for ring closures, not all possibilities are realized. The 
aromatic yield from 3-methylheptane, for example, is about 35 per cent 
l,2-<iimethylbenzene, 5 per cent 1,3-dimethylbenzene, 55 per cent 1,4- 
dimethylbenzene, but only 5 per cent ethylbenzene. Two isomers are 
theoretically formed from both «-octane and n-nonane, but 80 per cent 
of the eight-carbon aromatic product is 1,2-dimethylbenzene and 90 
per cent of the nine-carbon yield is l-methyl-2-ethylbenzene. Ring 
closures seem to involve secondary carbon atoms preferentially, and 
compoimds which have the shortest possible side chains result if their 
formation does not require isomerization of the carbon skeleton. During 
the aromatization of alkanes in the presence of chromium oxide 2- and 
3-alkenes arc also formed. The positions of the double bonds are prob¬ 
ably determined by the catalyzed isomerization of l-alkenes. 

Aromatization of alkenes, as of alkanes, increases with the number of 
carbon atoms.*®“ The position of the double bond may influence the 
reaction. Thirteen per cent more aromatics was obtained from 1-hexene 
th£m from 2-hexene but only 4 per cent more aromatics was obtained 
from 1-heptene than from 2-heptene. Dehydrocyclization of the alkenes 
occurs more readily than that of the alkanes.*®"’ The aromatization, 
however, is not correspondingly greater since the catal^'st Ls more rapidly 
deactivated in alkene reactions by the greater occurrence of side reac¬ 
tions.*®® 1-Hexene yields 11.5 per cent more aromatics than n-hexane, 
and 2-octene yields 13 per cent more aromatics than n-octane.*®® A 
shifting of the double bond from the terminal position is found in the 
alkene products from chromium oxide-catalyzed reactions. The point 
of upsaturation of 1- and 2-heptene shifts to the 3-position. 

Several possibilities may be offered for the course through which 
dehydrocyclization proceeds.**® The alkane may form the aromatic in 
one step by a simultaneous cyclization and dehydrogenation. A second 
method is the primary formation of an alkene which may form either an 
aromatic directly, or an alicyclic which dehydrogenates to an aromatic, 
or an alkane may form an alicyclic which in turn yields an aromatic. 
Alkenes in the final reaction products may be accounted for by side 
reactions rather than by their formation as intermediates in the dehydro- 
cycliaation reaction, but data indicate that cyclization of alkanes 
occurs largely through dehydrogenation to the corresponding alkene. 
Although it is probable that the reaction proceeds partially through 
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formation of an alicyclic, very few and in some cases no alicyclic com¬ 
pounds have been found in the final products.^®’ ‘®®’ Pitkethly 
and Steiner have proposed two mechanisms in which some of the inter¬ 
mediates exist in association with active centers on the catalytic sur¬ 
face.'®* 

Their data give evidence tha t alkenes are actually intermediate products 
but that cychc compounds do not exist in an isolable form. The follow¬ 
ing mechanism, in which X represents an active center on the catalytic 
surface, has been proposed to coordinate the data of Rideal and the 
postulations of Pitkethly and Steiner:'** 


CHj 

CHs 

/ \ 

/ \ 

CHi CHr—CHs 

CHs CHr-C 

Heptane —> 1 —» 

Hs-t- 1 

CHi CHs H 

CHs 

\ / 1 

\ 

CH X 

1 

CH—CH, 

1 1 

1 

X 

1 1 

X X 

Half-hydrogonaied state 
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CHj 

CH 

/ \ 

/ \ 

(THs (DH CHj Dehydrogenation 

HC C—CH, 

1 1 -> 

11 1 + 3Hs 

CHs CHs 

HC CH 

\ / 

\ 

CH H 

HC 


X X 

Cyclic coxnpouDd 


Toluene 


The dehydrocyclization of alkanes, although discovered but a few 
years ago, is now in commercial operation. One plant costing over 
$14,000,000 produces 30,000,000 gallons of toluene yearly, which is more 
than the total produced by all the coal carbonization units operating in 
the United States. The toluene will be converted into the explosive 
trinitrotoluene. 


VI. PREPARATION OF THE HALOGEN DERIVATIVES OF 
ALIPHATIC HTOROCARBONS 

The halogen derivatives of aliphatic hydrocarbons are prepared by 
action of the halogens and halogen-containing compounds. AJkyl bro- 

’** Pitkethly and Steiner, Traiu. Faraday Soc., 36, 979 (1939). 

Twigg, ibid., 86, 1006 (1939) ; Rideal, Proe. Cambridge Phil. Soc., 38, 130 (1939) 
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mides and chlorides are produced with greater facility than iodides and 
fluorides since the iodination reaction is reversible and fluorination tends 
to be explosive. Bromination, while readily accomplished, has received 
less attention in the laboratory and is of less commercial importance 
than chlorination. 

Chlorination or bromination of alkenes may be controlled so that 
substitution products are formed. As with the alkane substitutions, 
^he mechanism of this reaction appears to be a radical chain mechanism. 

The alkadienes and alkenynes usually form 1,4-addition compounds 
rather than simple addition products as observed with alkenes. The 
alkenynes also resemble the alkynes in some halogenation reactions. 

The halogen substitution of alkjmes requires the use of special re¬ 
agents. 

Halogenation of Alkanes 

The reaction of alkanes with halogens is brought about by heat, 
light, and catalysts. There is considerable evidence that halogenation 
follow's a chain-mechanism reaction, but the difficulty in isolating all 
intermediate compounds prevents establishment of one definim course 
of reaction. Activation energy calculations on the chlorination of meth¬ 
ane as well as recent experimental data support a free-radical chain 
mechanism. 

The facility with which halogenation takes place is largely deter¬ 
mined by the halogen used. Fluorine derivatives of alkanes are usually 
prepared by indirect methods such as the reaction of bromo-, chloro-, 
or iodoalkanes with a metallic Ouoride or the reaction tadween fluorine 
and charcoal. Chlorine has been studied almost exclusively in the halo¬ 
genation reaction since it substitutes more readily than bromine. 

Thermal Halogenation of Alkanes. Halogenation of alkanes takes 
place as a homogeneous reaction at elevafxxl tempeuature-s.^®*' 

The chlorination of lower alkanes is effected thermally above ^X)“ 
£,lkd'has been studied at temperatures *** over 1000°. Methane, ethane, 
propane, and butanes give appreciable yields of chlorinated products 
at about 300°. 

The extent of polysubstitution depends on the raUjs of competing 
reactions.*® Polysul)stitution may be minimized by temperature con¬ 
trol,***' but a good yield of monochloride may be obtained at high 

’“Vaughan and Rust, J. Org. Chem., #, 449 (1940). 

*" Pease and Walz, J. Am. Chem. Soc., 63. 382, 3728 (1931). 

w Yuster and Reyerson, J. Phya. Chem., Si, 860 (1936). 

’*• Mason and Wheeler, J. Chem. Soc., 2282 (1931). 

**• Guyer and Ruler, Hr.h. Chim. Acta, S3, 638 (1040). 

Hass, McBee, and Weber, Ind. Ejig. Chem., S6, 333 (1938), 
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temperatures, 800® to 900°, by rapid passage of the gases through the 
reaction tube.*** 

Both the mono- and dichlorination products give evidence that car¬ 
bon skeleton rearrangements occur only as a result of pyrolysis.*** 
Liquid phase chlorination shows rates duplicated by vapor phase chlori¬ 
nation only at much higher temperatures.*’® In regard to the orienta¬ 
tion of a second substituent, Hass and co-workers report that the 
presence of a halogen on a carbon hinders further substitution on that 
atom.*’® 

Uncatalyzed fluorine substitution proceeds under somewhat modified 
conditions. Moissan isolated carbon tetrafluoride from the fluorinated 
products of a low-temperature methane-fluorine reaction.*’** Hexane 
was fluorinated at the temperature of an ice-salt bath by the introduc¬ 
tion of the halogen diluted with nitrogen gas.*” Fluorohexadecane was 
obtained when fluorine diluted with carbon dioxide was reacted with a 
carbon tetrachloride solution of n-hexadecane.”* 

Experimental evidence indicates that thermal chlorination results, 
at least in part, from a chain mechanism. Ob.servations have been made 
which support both a free-radical chain and a thermal chain initiated 
through bimolccular metatheses. The simple mechanism may be 
illustrated: *** 

Ch — Cl + Cl 
Cl -f CjH, CsHt + HCl 
CjHs + Cii CiHiCl -f- Cl 
Cl -H Wall —> chain ending 

Yuster and Reyerson suggest chain-termination possibilities represented 
by the intermediates of the propane reaction: **’ 

Cl + Cl Ch 
C 3 H 7 - 1 - Ci CjHyCl 
CaHtCl 4- Cl -* CsH*Cl, 

CsHiCU -I- Cl -> CsHiCl,, etc. 

CaHy + CaHaCl -> CaH„Cl 

Active group -f Os inactive group 

*’* Hass, MoBee, and Wobor, ibid., 87, 1190 (1935). 

*’* Moissan, Compt. rend., 110, 961 (1890). 

Frodenhagen and Cadenbach, Brr, 67, 928 (1934). 

BockemnOUer, Ann., 606. 20 (1838). 
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The production of chlorine atoms and the termination of chains on the 
wall of the reactor are indicated by dependence of the reaction on a 
surface. The fact that the presence or absence of moisture, carbon sur¬ 
faces, and light does not affect the relative reaction rates of substitution 
indicates a chain reaction initiated at the wall.^^” The inhibitory effect 
of oxygen supports a free-radical chain mechanism.^®* An induction 
period also indicates the initiation of a chain reaction. 

In consideration of experimental results on thermal chlori¬ 

nation of alkanes, the following generalizations may be offered; 

1. A molar excess of alkane over halogen diminishes the amount of 
polychlorination. 

2. Oxygen inhibits chlorination. 

3. The presence of alkenes inhibits the chlorination of alkanes. The 
chlorination takes place, however, on the alkane. 

4. Carbon skeleton rearrangements do not occur below temperatures 
at which pyrolysis takes place. 

5. The relative rates of substitution are primary < secondary < 
tertiary, but the rates approach 1 :1 ; 1 at increasing temperatures. 

6. The relative rates of primary, secondary, and tertiary substitu¬ 
tion are not affected by moisture, carbon surfaces, or light. 

7. Increased pressure causes increased relative rates of primary 
substitution. 

8. The free-radical chain mechanism seems to offer a plausible ex¬ 
planation for thermal chlorination. 

Catalytic Halogenation of Alkanes. Several types of substances 
accelerate the halogenation of alkanes. Effective materials are com¬ 
pounds which readily decompose to free radicals; metals and metallic 
salts, alone or dispersed on silica gel or pumice; activated carbon; and 
simultaneously reacting olefins. Ethane and chlorine react in the pres¬ 
ence of tetraethyllead at 132°, a temperature about 150° lower than 
thft required for purely thermal chlorination.’®* The catalytic action 
tfi this type of compound supports a chain mechanism. 

Some metals and metallic salts accelerate halogenation reactions. 
The control of direct fluorination has been effected by modifying the 
reaction rate with a copper gauze catalyst.’^® Cupric chloride, cerous 
chloride, and ferric chloride are frequently used in the chlorination of 
alkanes.’’” • ”• Bromination occurs with ferric bromide on pumice. 

‘’’‘Has*. McBee, and Hatch, Ind. Eng. Chem., 19, 1338 (1937). 

Hadley, Young, Fukuhara, and Bigelow, paper presented at Am. Chem. Boo. Meet¬ 
ing, Cincinnati, 1940; Calfee, Fukuhara, and Bigelow, J. Am. Chem. Soe., <1, 3852 (1039); 
CaUee and Bigelow, Md., 89, 2072 (1937). 

’^Giordaai, Arm. ehim. appiicaUt, M, 1S3 (1938) (C. A., 19, 0200 (1038)]. 

Zagiaa, Thieet FaeiUU Sd. Unit. Paris, 9 (1930) [C. A., 16, 77 (1032)]. 

U*ToBUWilc, Prtemyd Chem., 18, 698 (1034) [C. A., 19, 0200 (1938)]. 
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Activated cupric chloride on silica gel has been found to be more effi¬ 
cient than activated copper or aluminum oxide in the chlorination of 
propane at 324°; there is a heterogeneous reaction under these condi¬ 
tions, showing the following mechanism at the surface: 

CuCU 4 " heat —> CuCl -H Cl 
CuCl + Cl + CjHs HCuClj H- CJIt 

HCuCb + heat CuCl + HQ 

CuCl + Clj CuClj + Cl 

Cl + C3H7 C3H7CI 

Antimony pentachloride catalyzes the chlorination of methane and 
ethane more effectively than titanic cliloride, which in turn is more 
effective than stannic chloride.'^* 

Chlorination may also be catalyzed by simriltaneously reacting ole¬ 
fins. Pentane in a mixture with ethene and chlorine undergoes substi¬ 
tution, and chloropcntane is formed in preference to dichloroethane.’®* 
Stewart and Weidenbaumhave propo.sed a chain mechanism favor¬ 
ing propagation by the olefin intermediate rather than the pentane 
intermediate: 

1 CI2 — Cl -b Cl 

2 (a) Cl + CsH4 -♦ C5H4CI 

(6) Cl -t- CsHw -♦ CiHii -f- Ha 

3 CSH4CI + C&H12 -> C2H4 + C4H11 + HCl 

4 CsHii -f- Clj —* CsHiiCl "b Cl, etc. 

Reaction (a) is not as slow as (6), and consequently (a) is the favored 
course of reaction. 

Alkanes may be chlorinated with sulfuryl chloride if a peroxide is 
present as catalyst.*^ The reaction proceeds in the dark and is more 
rapid than photochlorination with chlorine gas. Introduction of a 
second substituent using benzoyl and lauroyl peroxide is comparatively 
difficult and takes place on the carbon atom farthest removed from the 
halogenated carbon, while substitution of a third chlorine is impossible 
with this reagent. Bromine is not displaced by chlorine from sulfuryl 
chloride. 

Photohalogenation of Alkanes. Alkanes may be halogenated at low 
temperatures in the presence of either sunlight or artificial light. Photo- 

Royeraon and Yuatcr, /. Phys. Chem., 8#, 1111 (1038). 

*•* Stewart and Weidenbaum, J. Am. Chem. See., 87, 2036 (1036). 

'** Kharasch and Brown, ibid., 61, 2142 (1939). 
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chlormation is a process of progressive substitution and often becomes 
explosive. Polyhalogenation can be partially eliminated through the 
use of less active forms of light. The ultra-violet ray does not seem to 
be the effective ray in chlorination.*** Oxygen inhibits the chlorination 
process.**®’ *** 

The chain mechanism of reaction is very well established for photo- 
halogenation. The course of reaction begins with the dissociation of 
the diatomic halogen molecule to form “odd molecules” as a result of 
the absorption of one quantum of light by the original molecule. This 
“odd molecule” then starts the reaction which is carried on by the alter¬ 
nate formation and disappearance of this molecule. The chain is ter¬ 
minated by recombination of atoms, reaction of radicals, or a triple 
collision in which a third body, such as the wall, removes the energy.*** 
Recent investigations support a chain mechanism which involves the 
“transitory existence of a free radical”: *** 

Cli fc? 201- 

Cl--h RH-♦ R- + HCl 
R- + Qj -♦ RCl + Cl- 

The quantum yield decreased with length of expo.sure indicating an in¬ 
creasing prevalence of chain termination reactions.*®* The quantum 
yields for the photochlorination of methane were of the order 10'* mole- 
cules/hv in both ultra-violet light and light of wavelength 4358 A. 

Preparation of the Halogen Derivatives of Alkenes 

With the exception of chlorine substitution on i-sobutene *** and 
trimethylethene,**® additions have been considered the only reactions 
between alkenes and halogens until recently when it was found that 
substitution is a type of reaction exhibited by alkenes. 

The unsaturated carbons of alkenes add halogen atoms from the 
molecular halogens, hydrogen halides, and other compounds containing 
a reactive halogen atom. Substitution complicates the addition reaction 
of halogens at elevated temperatures. Addition of hydrogen halides 
normally follows Markovnikov’s rule (p. 638) that the halogen atom 

“•Egloff, Scfaaad, and Lowry, Chem. Ret., 8, 1 (1931). 
iM Coehn and Cordes, 2. phytik. Chem., B9, 1 (1930). 

1** I>eanesley, J. Am. Chem. Boc., 68, 2601 (1934). 

*** Jones and Bates, ibid., 66, 22S2 (1934). 

*•» Hollefson, J. Phyt. Chem., 48, 773 (1938). 

!*• Brown, Kharasch, and Chao, J. Am. Chem. Soc., 62, 3436 (1940). 
w* Shediukov, J. Ruts. Phys. Chem. Soc., 16, 478 (1884). 
i«s Kondakov, ibid., 17. 290 (1886). 
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goes to the unsaturated carbon atom bearing the least hydrogens. 
There are exceptions, however, and attempts have been made to explain 
abnormal orientations resulting from peroxides and solvents. 

Halogen Substitution of Alkenes. The substitution of halogen into 
alkenes compares with the halogenation of alkanes. Thermal and “in¬ 
duced” substitutions are common to both. Similar mechanisms explain 
their respective courses of reaction. It is questionable, however, 
whether any of these are induced substitutions or substitutions depend¬ 
ing on the specific character of the alkene. Stewart and Weidenbaum 
found the pentene reaction comparable with the chlorine substitution of 
pentane as induced by an ethenc-chlorine mixture.^*' 

Substitution of alkenes at high temperatures is in many respects 
comparable to thennal suljstitution of alkanes. The pre.sence of the 
alkene also has been shown to hinder the total chlorine substitution of 
the mixture.'®^ The pre.sence of other alkenes, e.specially propene, also 
inhibits substitution in ethcne, wliile some substitution preferentially 
occurs on the saturated carbons of the alkene inhibitor. The substitu¬ 
tion reaction takes place exclusively above a critical temperature range 
while below this range the reaction is addition. The temperature range 
varies mth each hydrocarbon.'” 

Almne CwTicAL Tbmpeiiatcke Range, °C. 

2-Pentene 125-200 

2-Butene 150-225 

Propene 200-350 

Ethene 250-350 

Bromine substitution at high temperatures is greater than that of 
chlorine; but near the lower limit of the critical range, bromine substi¬ 
tution scarcely occurs. This may be explained by the relatively greater 
dissociation of bromine at the elevated temperature. The temperature 
ranges of the various hydrocarbons indicate that ease of substitution is 
least in hydrocarbons having two primary carbon atoms on the double 
bond; increases when the hydrocarbon has one secondary atom on the 
double linkage; is even greater with two secondary atoms on the double 
bond; and substitution is predominant when the hydrocarbon has an 
unsaturated tertiary atom. It appears that substitution proceeds more 
readily to yield allyl-type products than the vinyl tj-pe. The produc¬ 
tion of allyl-type products falls in line with the proved greater ease of 
alkane substitution over alkene substitution. 

Stewart and Weidonbaura, J. Am. Chem. Soc., S8, 98 (1936). 

*’* Rust and Vaughan, Org. Chem., 8 , 472 (1940). 

'••GroU and Heame, Ind. Eng. Chem., 31, 1630 (1939). 
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Both substitution and addition of chlorine by alkenes at high tem¬ 
peratures seem to occur largely by radical chain mechanisms, but re¬ 
actions at surfaces and gas-phase bimolecular associations and meta¬ 
theses probably also enter into the total reaction.^** Surface effects give 
some evidence of both bimolecular association and chain initiation. 
Calculations based on activation energies slightly favor chain mecha- 
nisins over bimolecular processes.*** 

Addition of Halogen to Alkenes. Addition of chlorine to alkenes 
takes place with comparative ease. Reactivity seems to increase with 
the size of the alkene molecule.*** A study has been made on pure ethene 
and chlorine gases reacting at 20® in the absence of light. The reaction 
was complicated by substitution which produced trichloroethane.**®' **'' 
Oxygen slowed down the total reaction rate and tended to eliminate 
substitution.**® An induction period was observed which terminated by 
the formation of a liquid film on the wall of the reactor, and the reaction 
proceeded rapidly from this point. These observations indicate an 
autocatal 3 rtic reaction invohdng chain mechanism. Stewart and Smith 
postulate an activated liquid complex of dichloroethane as the inter¬ 
mediate which catalyzes addition.*** 

Normal addition has been observed on tertiary carbon atoms at the 
double bond, but the substitution reaction predominates.'®*' 

The solvent used is an important factor in alkene reactions. 

With bromine, alkenes undergo a reaction similar to that observed 
with chlorine. The uncatalyzed addition of bromine to ethene at 16° 
in the absence of light is a surface reaction, and simple addition results 
unless bromine is present in excess so that supplementary reactions arc 
induced. Moisture accelerates this reaction probably by surface action 
rather than by effect on the reacting substances in the bulk phase.*®* 
Iodine forms less stable compounds with alkenes than do the other 
halogens. In the gaseous phase, diiodoethane undergoes homogeneous 
decomposition which may be accelerated by iodide ions.***’ *** The 
•eaction of ethene gas with iodine was reported probably to take place 

Shemian, Quunby, and Sutherland, J. Chem. Phy*., 4, 732 (1936). 

**• Mamedaliev, Aurbaidzhamikoe Ntjlyanoe Khot., No. 3, 67 (1036) IC’- A., 29, 6206 
(1036)]. 

“• Stewart and Smith, J. Am. Chem. Soe., 91, 3082 (1929). 

**rBabr and Zieler, Z. angeic. Chem., 43, 2.33 (1030). 

*** Stewart and Smith, J. Am. Chem. Soc., 92, 2869 (1930). 
i" Burgin, Engs, GroU, and Heame, Ind. Eng. Chem., 81, 1413 (1939). 

”• D’yakoiJov and Tischenko, J. Gen. Chem. (V.S.H.B.), 9, 1268 (1939) [C. A., 94 
710 (1040)]. 

*•» Tuchanko, J. Gen. Chem. (,U.S.S.R.). 8, 1232 (1938) [C. A., 83, 4190 (1939)1. 

*“ WilUama, /. Chem. Soc., 1768 (1932). 

*** German and Sun, J. Am. Chem, Soc., 99,1096 (1934). 

*** Mooney and Reid, J. Chem. Soc., 2697 (1931). 
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on the surface of solid iodine.®” The velocity of this addition was much 
greater than that of the homogeneous reaction in carbon tetrachloride. 
With iodine, as was observed in the case of bromine, velocity of addition 
is enhanced by the pre.sence of methyl groups on the unsaturated car¬ 
bon atoms. 

Addition of Hydrogen Halides to Alkenes. The alkenes add halogen 
acids in the order: HI>HBr>HCl>HF. Addition takes place more 
readily with propene than with ethene and even more readily with bu¬ 
tenes and higher homologs. With some exceptions which have been 
attributed to intramolecular rearrangements, properties peculiar to a 
specific compound, and effects of peroxides, solvents, and catalysts, 
orientation follows the Markovnikov rule. 

Addition of hydrogen fluoride to alkenes has been accomplished, 
although activation energy calculations show that less energy is re¬ 
quired for the cleavage of the carbon-carbon bond than for the addition 
of hydrogen fluoride to ethene.®“ Grosse and Linn prepared ethyl, 
isopropyl, tcrt.-butyl, and tert.-pentyl fluorides by uncatalyzed addition 
of hydrogen fluoride to the alkene.®*® 

Ethyl chloride may bo foimed by addition of hydrogen chloride to 
ethene at tcmperaturc.s sufficiently low to avoid reversibility of equi¬ 
librium. It was believed that propene and hydrogen chloride did not 
react in the gaseous phase at relatively high temperatures, but with in¬ 
creased pressure the reaction took place.®®* The reaction rate increased 
with temperature as long as the density decrease was not relatively 
greater than the temperature increase.®®* Likewise, the rate of the 
liquid reaction increases with temperature until the density begins to 
decrease rapidly. These results have been interpreted as showing that 
the “structure” common to the liquid slate favors high reaction rates. 
In hydrogen chloride addition to 3-methyl-l-butene both the secondary 
and tertiary products are obtained.®*® The formation of the tertiary 
product was attributed to a rearrangement of an intermediate; 

(CHs) 2CHCH=CH, ^ (CHslsCHCHCHa (CHjljCHCHClCHa 

e 

H. rearranges 
Cl® 

(CHj)jCCHjCH*-> (CH$)j(CjHj)CCl 

® 

Bytholl and Robertaon, tWd., 179 (1938). 

Sun and Sie, J. Chinese Chem. Soc., 5, 1 (1937). 

**’ Grosse and Linn, J. Org. Chem., 8, 27 (1938). 

Sutherland and Maass, Con. J. Research, 8, 48 (1931). 

*»“ Holder and Maass, ibid., 16B, 463 (1938). 

•‘® Whitmore and Johnston, J. Am. Chem. Soc., U, 6020 (1933). 
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Addition of hydrogen bromide compares with that of hydrogen chloride. 
Compounds with equally hydrogenated unsaturated carbon atoms can¬ 
not be classified under Markovnikov’s rule, and published data do not 
warrant set rules of orientation. 

The more reactive hydrogen iodide forms addition compounds with 
alkenes, but the reversibility of the reaction limits success in obtaining 
good 3 rields With the higher alkenes Tuot obtained polyiodides in¬ 
stead of monoiodides because hydrogen iodide dissociates more rapidly 
than it “fijces” to the hydrocarbon.^*^ 

Orientation is at least partially influenced by the solvent used. In 
experiments on the addition of hydrogen bromide or iodide to propene 
and 1-pentene, primary halides were favored by solvents in the order 
of the relative values of internal pressure of the solvents.**’ The order 
of positive effect is propane > nitrobenzene > acetic acid > water. This 
order of effect is not in agreement with the order of the dielectric con¬ 
stants of the substances or with the order of their respective electro¬ 
negativities. The presence of the highly ionized trichloroacetic acid 
increases the proportion of tertiary compound over that found in the 
reaction without solvent or with the comparatively weak acetic 
acid.*** 

Catalytic Addition of Halogens and Hydrogen Halides to Alkenes. 
Addition of halogens and halogen acids to alkenes Ls catalyzed by metals, 
metallic salts, and certain organic compounds. Most of these catalysts 
accelerate the normal addition defined by Markovnikov’s rule. Abnor¬ 
mal addition, however, is catalyzed by a few metals. 

The chlorination of ethene occurred in an iron reactor but not in a 
lead reactor under the same conditions.**’ Tetraethyllead accelerates 
addition, but its effectiveness on addition di.sappears at elevated tem¬ 
peratures where substitution sets in.’®* Calcium halides promote addi¬ 
tion and minimize substitution of alkenes.*®*’ *** Quinoline and hydro¬ 
gen bromide also catalyze addition.*** 

Since alkyl chlorides rmdergo thermal decompo.sition to olefins and 
hydrogen chloride, the use of a catalyst which will facilitate prepara¬ 
tion below the decomposition temperature is desirable. Compounds 
containing a tertiary unsaturated carbon atom react at — 80° without a 

PolKasar, J. Am. Chem. Soc., B2, 966 (1930j. 

>**Tuot, Compt. rend., 200, 1418 (1936). 

*” Ingold and Ramsden, J. Chem. Soc., 2746 (1931). 

*“ Michael and Weiner, J. Org. Chem., S, 389 (1940). 

•** Dobiyanskii, Gutner, and .Shchigerekaya, Tram. Stale Inel. Applied Chem 
, (,U.SJS.R.), 24. 6 (1935) (C. A., 29, 7271 (193S)J. 

Conn, Eistiakovsky, and Smith, J. Am. Chem. Soc., 40, 2764 (1938). 

**'* Antikriabnan and Ingold, /. Chem. Soc., 984 (1935). 
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catalyst.*'*' *"•' **® Aluminum chloride brought about reaction between 
alkenes containing —C=C— groupings and dry hydrogen chloride at 

1 I 

H H 

— 78°. Ferric,**'’ *** stannous,*** stannic, mercuric,**' nickel, aluminum, 
and calcium chlorides on silica gel acted as sati.sfactory catalysts. Addi¬ 
tion of hydrogen chloride and bromide to cthene is accelerated by the 
corresponding anhydrous bismuth halide.*** 

Certain metals catalyze “abnormal addition,” the bromine atom 
from hydrogen bromide adding to the more highly hydrogenated un¬ 
saturated carbon.***' ***’ *** 

In order to catalyze abnonnal addition, it appears that on reaction 
with anhydrous hydrogen bromide the metal must form a metal bro¬ 
mide which is neither a strong accelerator of normal addition nor a 
powerful inhibitor of abnormal addition.*** The mechanism seems to be 
similar to that of the peroxide-catalyzed abnormal addition and involves 
the following steps: 

HBr 4- Fe -♦ BrFc- + H- 
HBr + H- Hj + Br. 

H 2 C=Cn—CHa + Br- BrHjC—CH—CH, 

BrH 2 C—CH—CHa -|- HBr -> BrHiC—CUiCH, + Br¬ 
in the presence of peroxides, a liquid phase redaction mixture of 
hydrogen bromide and 1-alkcne produces considerable quantities of 
1-bromoalkane while the same mixture without peroxides yields a pre¬ 
dominance of 2-bromoalkano. The latter isomer is predicted by Markov- 
nikov's rule and is designated as the “normal” product. Some solvents 
seem to direct the bromine atom to the abnormal position in the absence 
of peroxides, but others inhibit abnormal orientation even in the pres¬ 
ence of peroxides. Peroxides accelerate the rate of normal addition of 
hydrogen iodide,*** but have no effect on the speed of addition of hydro- 

*** Leondertse, Rec. trap, chim., 67. 795 (1938). 

Leendertse, TuHeners, and Watennan, ihid., 5S, 515 (1633). 

T.«endertse, Tulleners, and Waterman, ihid., 63, 715 (1934). 

**' Brouwer and Wibaut. ibid., 63, 1001 (1934). 

*” Kharasch. Kleiger, and Mayo, J. Org. Chrrn., 4, 428 (1939). 

Petrov and Milovanova, Acta Umv. Vorojiegictisic, 9. No. 3, 145 (1937) [C. A. 3S, 
7014 (1938)]. 

**' Wibaut, Z. Elcktrockem., 36, 602 (1929) [C. A., 24, 1070 (1930)]. 

Urushibara and Takebayaabi, BuU. Chem. Soc. Japan, H, 692 (1936). 

Kharasch, Haefele, and Mayo, J. Am. Chem. Soc., 62. 2047 (1940). 

Urushibara and Simamura, Bull. Chem. Soc. Japan, 14, 323 (1939). 

Kharasch and Hannum, J. Am. Chem. Soc., 66 , 1782 (1934), 
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gen chloride.**®’ **® Hydrogen iodide inhibits abnormal addition even 
in the reaction of hydrogen bromide in the presence of peroxides.*’® 
Hydrogen fluoride and hydrogen chloride undergo endothermic reac¬ 
tions which will not support the rapid, long-chain reactions necessary 
for abnormal addition.*®^ Although the role of the peroxide has not 
been definitely established, it seems almost certain that abnormal addi¬ 
tion proceeds by a rapid chain reaction. 

The amount of peroxide catalyst is related to the composition of 
products. The yield of abnormal product from 2-isopentene increased 
from about 77 to 92 per cent with an increase of asoaridole from 0.002 
molar to 0.02 molar.*** Solvents influence the reaction considerably. 
In the absence of peroxides, abnormal hydrogen bromide addition to 
1-pentene and 1-heptene proceeded in the presence of glacial acetic 
acid, heptane, or carbon tetrachloride, but aqueous hydrogen bromide 
gave the normal product.*** Kharasch, however, disputed this work 
since he obtained the normal product of 1-pentene in the presence of 
glacial acetic acid or propionic acid under antioxidant conditions.*®* 
The solvents affected the velocity of the addition but had no directive 
influence. Appreciable quantities of the abnormal products were ob¬ 
tained in the presence of peroxides with ether at —78°, with acetic acid 
at 0°, and with small amounts of methanol or ethanol at 0°.*®* 

The results of peroxide-catalyzed as well as metal-c'atalyzed abnor¬ 
mal addition reactions support chain reactions.**®' *** Formation of 
abnormal isomers through rearrangement does not explain the effect 
since addition of peroxides to normal isomers does not bring about re¬ 
arrangement.*** Michael and Weiner offer an interpretation of solvent 
action involving reversed relative electronegativity of the carbon 
atoms.*** Smith postulates a chain mechanism but di.sagrees with 
Kharasch on the hypothesis that bromine atoms propagate the reac¬ 
tion.*** According to Kharasch, normal addition occurs through a chain 
mechanism involving polar ions and molecules while abnormal addition 
i proceeds through a bromine atom chain mechanism. The proposed 
role of the peroxide and of chain propagation in abnormal addition is 
shown in the following example: *** 

**• Smith* Chemistry <fc Industry^ 833 (1937). 

Kliarasch, Norton, and Mayo, J, Am. Chxm, 5oc., M, 81 (1940). 

Mayo and 'Walling, Chem. iSec., 37, 351 (1940). 

Michael and Weiner, J, Org. Chem.f 4, 631 (1930). 

•** Shemll, Mayer, and Walther, J. Am. Chem. Soc., W, 926 (1934). 

*•* Kharasch, Hinckley, and Gladstone, ibid., M, 1642 (1034). 

*** Kharasch and Hinckley, ibid., 66 , 1212 (1934). 

Smith, Chemistry & Industry, 461 (19^) 

Kharasch, Engellmann, and Mayo, J. Org. Chem,t 3 , 28S (1937). 
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H:Br: 4-O 2 (or peroxide) —* H:0:0* + ‘Br: 

H H H H H H 

H:'c:C:C:H + -Br: H:C:C;C:H 

ii *' " H ' ;Br: 

H H H H H H 

H:C:C:C:H + H:Br: H:C:C:C:H + -Br: 

ii ':Br; " ii H:’Br: 

The inhibitory effect of antioxidants is probably caused by their efih- 
ciency as chain breakers^^* 

Photohalogenation of Alkenes. Light accelerates addition of halo¬ 
gens and halogen acids to alkenes. It seems to have no orienting in¬ 
fluence on hydrogen halide addition to the double bond and catalyzes 
both normal and abnormal reactions.^® Photohalogenation is important 
since it makes possible a study of chain mechanisms of halogenation. 

The reaction rate seems to be proportional to light intensity and also 
to the concentrations of both reactants.^®* The velocity of photoiodi- 
nation of 2-pentene is proportional to the square root of the intensity 
of radiation absorbed.®^" 

Experimental evidence indicates that photoaddition reactions are of 
considerable chain length.^' Chain initiation is probably brought about 
through the production of a halogen atom by a quantum of light ■with 
propagation through a halogen atom or free radical. The chain-break¬ 
ing reaction differs with single cases. Kinetic studies offered no basis 
for chain propagation through triatomic halogens as postulated by 
Rollefson.®*^ 

Preparation of Halogen Derivatives of Alkadienes 

Halogens and alkadienes form dihaloalkenes which may be isolated 
under certain conditions and which undergo further halogenation to 
produce tetrahaloalkanes. The halogen acids yield corresponding halo- 
alkenes and dihaloalkanes. 1,4-Addition products often occur with 
conjugated unsaturated systems. 

The reaction of gaseous butadiene and bromine is essentially a sur- 

Kharasch and Mayo, J. Am. Chem. Soc., 86, 2468 (1933). 

Forbes and Nelson, ibid., 69 , 603 (1037). 

•‘•Ghosh and Bhattacharyya, Science and Ctdtare, 3 , 120 (1937) [C. A., 33 , 414 (1938)] 

*“ Schumacher, Angeu>. Chem., 49 , 613 (1936). 

“• Booher and RoUefson, J. Am. Chem. Soc., 66, 2288 (1934). 
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face reaction.®"' Since coating of the surface with paraffin has 

little effect on the reaction, it occurs at the surface of the reaction film 
rather than of the container.®" This phenomenon is further evidenced 
by the fact that the rate increases until the walls are covered by a uni- 
molecular layer of reactants and then becomes constant. Experimental 
data indicate a chain reaction initiated at a wall and broken by oxygen.®" 
Enaction of 2-methyl-1,3-butadiene with chlorine in carbon tetra¬ 
chloride yielded the 1,4-compound predominantly as addition product 
and an appreciable quantity of l-chloro-2-methyl-l,3-butadiene which 
indicates a substitution reaction.®^® 

The reaction of butadiene with chlorine in carbon disulfide yielded 
twice as much 1,2-addition product as 1,4-product.®" The following 
course was postulated for formation of the two dichloro compounds: ®®® 

CHj==CH—CH=CH2^ CHz—CH—CH=CH2 GHz—CH=CH—CHj 

I + I + 

Cl Cl 

i i 

CHj—CH—CH=CH2 CHz—CH=CH—CH2 

II I I 

Cl Cl Cl Cl 

A suggestion that rearrangement to the 1,4-compound follows formation 
of the 1,2-isomer falls in line with the relative difficulty in breaking the 
carbon-bromine linkage and the fact that greater proportions of 1,4- 
compound are found in the bromine than in the chlorine reaction. 

3-Bromo-l-butene was reported as the product from a reaction car¬ 
ried out under extreme antioxidant conditions.®®® This product is evi¬ 
dence of an initial 1,2-addition. Peroxide addition to a mixture of 
isomers favored rearrangement of the 1,2-i.somer to the 1,4-compound. 

Sulfur chloride and 2,3-dimethylbutadiene in the presence of stannic 
chloride form a cyclic compound, 3,4-dichloro-3,4-<iimethyl-2,5-dihy- 
c4A)thiophene.®®® 

Cl Cl 

I I 

C-C—CH, + SCI* CHi—C-C—CH, 

II II II 

HiC CH, H,C CH, 

»«Heisig, Hrid., 68, 1096 (1936). 

Heisig and Davis, ibid., 66 , 1297 (1933). 

“• Heisig and Wilson, *id., 67. 859 (1936). 

*" Jones and Williams, J. Chem. Soc., 829 (1934). 

** Farmer, I^awrenoe, and Scott, ibid., 610 (1930). 

Muskat and Northrup, J. Am. Ckem. Soc., 68 , 4043 (1930). 

**» Kbarasch, Margolis, and Mayo, J. Org. Chem., 1, 393 (1936). 

••• Backer and Strating, Rec. trav. chim., 64, 62 (1936). 
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With butadiene, however, tetrachlorobutane was the product rather 
than a cyclic sulfur compound. 

Preparation of the Halogen Derivatives of Alkenynes 

Compounds containing both double and triple carbon-carbon bonds 
undergo substitution by, and addition of, halogen atoms. 

The triply bonded carbon substitutes a bromine or chlorine atom 
for hydrogen on reaction with the corresponding alkaline hypohalite 
solution and an iodine atom from a solution of iodine in potassium 
iodide.^*’““ Relative yields obtained were bromo>iodo>ehloro. In 
ammonia which removes the hydrogen iodide produced, reaction with 
iodine yields a substitution product as follows: 

H2C=CH—CfeCH +12+ NHj H2C=CH—CfeCI + NHJ 

1,4-Addition seems to occur with conjugated alkenynes. The first, 
step in hydrogen chloride addition to but-l-cn-3-ync is 1,4-addition. 
Although the final product is 2-chloro-l,3-butadicnc, the 4-chloro-l,2- 
butadi('no intermediate was isolafed.“^ With excess hydrogen chloride, 
2,4-dichloro-2-butene also forms. Cupric chloride, calcium chloride, and 
other salts seemed to increase greatly the rate of isomerization to the 
2-chloro-l,3-buladicne. From aqueous hydrogen bromide reactions, 
only 2-bromo-l,3-butadienc and 2,4-dibromo-2-butene were isolated.^* 
This reaction was much faster than the hydrogen chloride reaction, how¬ 
ever, and it is highly probable that the true course was a 1,4-addition 
followed by rearrangement. 

Preparation of the Halogen Derivatives of Alkynes 

Alkyncs react with halogen by both substitution and addition. The 
substitution reactions occur under limited conditions and produce ex¬ 
plosive compounds, Halogens, hydrogen halides, and acetyl halides are 
added to the triple bond. Haloalkenes from hydrogen halides and 
dihaloalkenes from halogen.s arc isolated as the primary addition prod¬ 
ucts in some reactions while further halogenation occurs in others with 
formation of only dihaloalkanes and tetrahaloalkanes. Halogen addi- 

Jacobsen and Carothers, J. Am. Chem. Soc., 65, 4C67 (1933). 

Klobanskii, Volkenshtein, and Oriova, J. Gen. Chem. (V.S.S.R.), 6, 1266 (1935) 
[C. A., 30, 1026 (1936)]. 

Vaughn and Niouwland, J. Am. Chem. Soc., 64, 787 (1932). 

W4 Vaughn and Nieuwland, iMd.. 66, 2160 (1033). 

Vaughn and Nieuwland, J. Chem. Soc., 741 (1933). 

Vaughn and Nieuwland, J. Am. Chem. Soc., 66, 1207 (1934). 

Carothers, Berchet, and Collins, ibid., 64, 4066 (1932): Ctuvthers and Bcrchet, 
ibid., 66, 2807 (1933). 

Carothers, Collins, and Kirby, ibid., 88, 786 (1933). 
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tion may be catalyzed by light, peroxides, metals, or metallic salts. 
The presence of peroxides has an effect similar to that observed with 
alkenes. Photohalogenations give evidence of chain reactions following 
courses similar to those postulated for alkanes and alkenes. 

Alkynes substitute halogen atoms upon reaction with alkaline hypo- 
halites. Iodine substitution may also be accomplished by use of iodine 
in liquid ammonia. An alkaline solution is necessary for substitution 
since addition occurs in acid solution with ultimate formation of a com- 
poimd, RC—CHXj.**’ The substitution reaction is carried out in an 

II 

O 

ice bath in the absence of light and air.“® 

Addition of halogens to alkynes in the presence of light is similar to 
the photohalogenation of alkenes. In the alkyne reaction, the simple 
addition product, a dihaloalkene, may be isolated, but tetrahaloalkanes 
form readily. Photochlorinations and photobrominations have been 
used to facilitate the study of chain mechanisms of reaction. A two- 
step reaction was postulated for the photochlorination of eth 5 me: 

HCfeCH + CU C1HC=CHC1 

CIHC=CHC1 -f Ch CI 2 HC—CHCli! 

An induction period and inhibition by oxygen were observed, and these 
effects indicate a chain reaction. High quantum jnelds denote a chain 
reaction of considerable length in photobromination. Muller and Schu¬ 
macher found a yield of 4 X 10^ molecules//ii' from reaction at 90°, 200 
mm. total pressure.*® The reaction theories involve bromine atoms, free 
radicals, and chain breaking by the disappearance of bromine at the 
wall. The proposed courses are: 

I- Br* -t- At> = 2Br*« II. (1) Br* -f- to = Br + Br*»» 

(2) Br + Br 2 = Br, (2) Br -|- C 2 H 2 = C 2 H 2 Br 

(3) Brs 4- CsHs = CjHjBr, (3) CjHjBr = C 2 H 2 + Br 

(4) CjHiBr, = CsHiBr -f Br, (4) CjHjBr + Brj = CjH 2 Br 2 + Br 

(5) C 2 H 2 Br -t- Brj = CrHjBr, + Br (5) Br + Wall = ^Bvi. 

(6) CjHiBr = C 2 H 2 -b Br 

(7) Bra + Wall = %Br 2 

(7^ CaHaBra 4- Wall «= CaHa 4- 5iBra or CaHaBra 4* I^Bra 

‘“Straus, EoUek, and Heyn, Ser., 63, 1868 (1930). 

Straus, KoUek, and Hauptmann, Her., 63, 1886 (1930). 

Paters and Neumann, Angtw. Chem., 48, 261 (1932). 

•** MfiUer and Schumacher, Z, physik. Chem., BS9, 362 (1938). 

“‘Pranke and Schumacher, tbid., B34, 181 (1936). 
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The halogens are added to alkynes in the presence of metals and 
metallic salts. The reaction of chlorine and ethyne is explosive if not 
modified in some way, and metallic catalysts offer a suitable means of 
effecting such control. One successful method of modification involved 
the use of antimony pentachloride in place of chlorine as halogenating 
agent.^ The reaction using chlorine as halogen-containing agent may 
be modified by catalysts. Aluminum, iron, or an alloy of aluminum, 
silica, and iron was successfully used in the preparation of tetrachloro- 
ethane.®*® 

In hydrogen bromide addition, the same effect of peroxide catalysis 
observed in the case of alkenes persists with alkynes. In the presence 
of peroxides, propyne added hydrogen bromide to form 1,2-dibromopro- 
pane, whereas under antioxidant conditions or without added peroxides 
the product was 2,2-dibromopropane.““ 

Metals and metallic .salts catalyze the addition of hydrogen halides 
to alkynes. Addition of hydrogen chloride to ethyne in the gaseous 
phase seenas to occur only in the presence of metallic chlorides.®*'^ Bis¬ 
muth chloride and mercuric chloride accelerate this reaction.®*®' ®*® 
Tetrachloroethane was produced in good yield when iron, iron oxides, 
or antimony pentachloride was used.®*® Cupric chloride in combination 
with ammonium chloride has also been used as catalyst but the results 
were comparatively poor.®®® 

Mercuric bromide, antimony bromide, or ferric bromide on asbestos, 
and ferric bromide or bismuth bromide on pumice were used as catalysts 
in hydrogen bromide addition to eth 3 me.®®® Ferric bromide on pumice 
and mercuric or antimony bromide on asbestos were effective. Cupric 
chloride with ammonium chloride or the corresponding bromides also 
acted as catalysts.®’® 

Vn. NITRATION OF ALIPHATIC HYDROCARBONS 

Nitration of aliphatics during the past five years has emerged from 
the status of purely laboratory chemistry' to become an industry of 

**• Langguth, ChimU i6 indiutrie, M, 22 (1931). 

•“ Fukagawa, Proc. World Eng. Congr. Tokyo, 31, 387 (1929) [C. A., S5, 5660 (1931)]. 

**" Kharasch, MoNab, and McNab, J, Am. Chtm. Soc., 67, 2463 (1935), 

*•’ Wibaut and Van DaKaen, Ree. trav. chirn,, 81, 636 (1932). 

Van Dalfsen and Wihaut, ibid., 53, 489 (1934). 

** Valiaschko and Kosenko, Ukrain. Chem. J., 7. 12 (1932) [BriJ. Ckem. AbHracU, 
Ml 47 (1933)]. 

*®“ Arutyunyan and Manityan, Caouicfunie and Rubber {V.S.S.R.), No. 2, 36 (1937) 
(C. A., 81, 6189 (1937)]. 

Wibaut, Rec. trav. chim., 60, 313 (1931). 

*®> Kozlov, J. Applied Chem. {V.S.S.R.), 10, 116 (1937) [C. A., 81, 4263 (1937)1. 
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national importance, providing new explosives, emulsifying agents, and 
solvents. Hass and co-workers opened this field when they demonstrated 
that the reaction of nitric acid with ethane, propane, the butanes, and 
the pentanes was clear cut and the nitration products were nitro- 
methanra, nitroethanes, and higher nitroparaffins. 

Of the aliphatic hydrocarbons the alkanes are the most difficult to 
nitrate. The lower alkanes presented the greatest problem, which has 
been solved by the use of vapor-phase nitration. In general the order 
of nitration is: primary < secondary < tertiary, although high tem¬ 
peratures increase the yield of primary at the expense of the secondary 
and tertiary. Superatmospheric pressure increases the rate of reaction. 
Mono- and dinitro compounds are the principal products from alkanes, 
and the mononitro compounds are best produced in vapor phase with 
nitric acid. Either the nitric or nitrosulfuric acid liquid-phase reactions 
or the nitrogen tetroxide vapor-phase reaction produces a mixture of 
mono- and dinitro products. In the liquid phase the formation of the 
mononitro compound is promoted by the use of a dilute acid. 

Nitroso, nitro, nitrite, and nitrate groups add to alkenes in various 
combinations. The course of the reaction with nitrogen oxides seems 
to be affected by the relative polarities of the unsaturated carbon 
atoms. Substitution products have been found, but they may be formed 
by addition followed by the splitting out of a simple molecule. The 
mechanism of the reaction with alkenes is addition to the double bond 
of the two component parts of the reagent, cither with or without sub¬ 
sequent oxidation. Complex alicyclic products containing nitrogen in 
the ring are formed from alkynes. 

Nitration of Alkanes 

Vapor Phase with Nitric Acid. In vapor-phase nitration of alkanes 
by nitric acid, a homogeneous gas-phase reaction occurs which is pre¬ 
sumably of second order.’^* Oxidation is the chief reaction competing 
with nitration. 

Vapor-phase nitration has been utilized, especially for the lower 
alkanes, since those having fewer than five carbon atoms have critical 
temperatures below the temperatures at which sufficiently rapid nitra¬ 
tion occurs.^’* Mononitroalkanes can be produced by vapor-phase ni¬ 
tration practically to the exclusion of dinitro and more highly nitrated 
compounds by means of short contact time. In the nitration of pen¬ 
tane at 400®, all theoretically possible mononitro compounds which 

”'*Hib«hman, Pierson, and Hass, Ind. Bng. Chem., U, 427 (1040). 

Bodge, and Vanderbilt, Und., tt. 339 (1936). 
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could result from fission of a C—H or C—C bond were formed.*^® Al¬ 
though the presence of free radicals was not actually established, the 
data are highly indicative of a free-radical mechanism. 

Although the ease of replacement of a hydrogen atom by a nitro 
group follows the scheme: tertiary>secondary>primary, the ratio of 
the various nitro compounds formed can be partly controlled by tem¬ 
perature and pressure variations. As the temperature rises the yield of 
primary derivatives increases, and that of the secondary and tertiary 
decreases.®’® The variation in yield may be due to a change in the rela¬ 
tive reaction rates of primary and secondary carbon atoms with in¬ 
creased temperature.”* The reaction may be less selective and the 
primary compound more stable at the higher temperature.”® 

In all cases tried, McCleary and Degering found, besides the nitro 
products, all the alkcnes predicted by the free-radical theory of Rice 
for thermal decomposition of alkanes.”®’ The expected variation of 
the quantity of alkenes and nitro products with change in concentration 
of the nitric acid was likewise obtained.”* The mononitro compounds 
a(!counted for by a free-radical mechanLsm were found by other investi¬ 
gators.”® McCleary and Degering have suggested the following mecha¬ 
nism to account for all the products of vapor-phase nitration: 

IIH 4- reactive fragment or oxidizing agent —> R 4- ? 

then 

R 4- HONOs -> RNO* 4- HO 
and 

R.H 4" HO —► R -f- H 2 O, etc. 

R —» olefin 4- (where R' is a free radical of lower molecular weight than R) 
R' 4- HONO 2 R'NOi + HO, etc. 

R' 4- RH R'H 4- R 

R'H 4-HO R' 4- H 2 O 

R 4- R' HR' 

The paraffin may also be oxidized to carbon dioxide and water or to 
some oxidized intermediate. 

Vapor Phase with Nitrogen Tetroxide. Vapor-phase nitrations have 
been carried out with nitrogen tetroxide on alkanes from methane to 
nonane, with the exception of ethane and butane. The optimum tem¬ 
perature was about 200°.”® 

Hass and Patterson, if/i'd., 80, 67 (1938). 

McCleary and Degering, ibid., 30. 64 (1938). 

Rice, J. Am. Chem. Soc„ 03, 1969 (1931). 

Urbanski and Sion, II* Congf. Mondial PtfroU, S, Sect. 2, Phye. Chem. raffinage 
163 (1937). 
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liqtiid I^iase idth Nitric Acid and Nitric-Sulfuric Acid Mutures. 
Nitration in the liquid phase, although unsuitable for lower homologs, 
has been applied to alkanes of five or more carbon atoms using nitric 
acid or mixtures of nitric and sulfuric acids. Increased concentration 
of acid increases both oxidation and nitration and produces a relatively 
greater amount of di- and polynitro derivatives. More elevated tem¬ 
peratures and longer time factors produce higher yields of the dinitro 
product.®’* Branched-chain compounds containing tertiary carbon 
atoms are more readily nitrated than the normal compounds, but a 
quaternary hydrocarbon compares with the normal series in lack of re¬ 
activity to nitric acid.®*® 

A mixture of nitric and sulfuric acids has frequently been used for 
nitration. The sulfuric acid has been regarded merely as an agent to 
remove the water formed by the nitration reaction. The action of the 
mixture, however, is quite different from that of concentrated nitric 
acid. Markovnikov obtained evidence that such a mixture contains 
yOH 

nitrosulfuric acid, , which is the active agent.®*' Volatile 

^ONOj 

alkanes have been distilled over nitric-sulfuric acid mixtures without 
undergoing much reaction, although higher-boiling normal alkanes re¬ 
acted near their boiling points.®*®’ ®** The acid mixture had little action 
on tertiary hydrocarbons a few d^ecs above zero in contrast to the 
action of nitric acid.®** 

In liquid-phase as in vapor-phase nitration of the lower alkanes, the 
branched-chain alkanes are more reactive than the normal compounds. 
Isopentane, isohexane, and isoheptane with nitric acid produce trinitro 
compoimds.®**' *** Alkanes of the type R 2 CHCHR 2 (where R is any 
normal alkyl group) react readily with fuming acid.®** Higher tempera¬ 
tures are necessary when a more dilute acid is used.®*®’ ®®* A slight varia¬ 
tion in pressure has no effect.®’* Increased concentration of acid causes 
decreased production of tertiary derivatives and increased production of 


Konovalov, J. Rum. Phyt. Chem. Soc., 81, 57 (1899); J. Chem. Soc., 76, [1] 844 
(1899) [Chem. Zenir., 70, I, 1063 (1899)]. 

Markovnikov, J. Ruts. Fhys. Chem. Soc., 81, 623 (1899) [Chem. Zentr., 70. II, 473 
(1899)]. 

*•* Markovnikov, J. prakl. Chem., [2] 69, 656 (1899). 

*» Wonrtnll, Am. Chem. J., 20, 202 (1898). 

“* Markovnikov, Ber., 82, 1441 (1899). 

**4 Poni and Costacheacu, Ann. sci. unit. Jassy, 2, 119 (1903); J. Chem. Soc., 84, [1] 566 
(1903). 

Francia and Young, J. Chem. Soc., 73, 928 (1898). 

••• Markovnikov, J. Ruts. Fhys. Chem. Soe., 81, 47 (1809) [Chem. Zentr., 70, I, 1064 
(1399)]. 
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secondary and especially primary derivatives.**^ The primary derivtu 
tive was practically the only nitro product formed in some cases from 
the concentrated nitric acid. 

The mechanism of nitration apparently involves removal of hydro¬ 
gen as an atom rather than as a proton or negative ion.*®* The acceptor- 
donor inversion mechanism seems most plausible since it is supported 
by the greater substitutive reactivity of tertiary carbon atoms, the elec¬ 
tron repulsion of tertiary groups, and the absence of rearrangement. 

Catalytic Nitration of Alkanes. Alkanes react vrith nitric oxide at 
high temperatures in the presence of a catalyst.*®* Methane reacted with 
nitric oxide in the pre.sence of a catalyst to give hydrocyanic acid.**® The 
reaction began around 900°, and the yield increased with temperature. 

Nitration of Aikenes 

Nitric Acid. Concentrated or fuming nitric acid reacts with aikenes 
to form both nitration and oxidation products such as nitroalkanes, 
nitrofllkenes, and nitro-nitric esters. Low temperatures and dilution 
with an inert solvent reduce secondary reactions by inhibiting oxidation 
and formation of nitrous reagents.*®* 

Wieland postulated a mechanism for the action of nitric acid on 
aikenes.***’**® He as.sumcd that it adds not as an electrolyte, but as 
HO—NO 2 . The production of 2-methyl-3-nitro-2-butene and the nitric 
ester of 2-methyl-3-nitrobutan-2-ol from 2-methyl-2-butene was evddence 
of the addition as HO—NOo. 

Other evidence supporting the addition of nitric acid as HO—NO 2 
is the isolation of 2-nitroethan-l-ol as a reaction product from the pas¬ 
sage of cthene into fuming nitric acid.*** 

CH2=CH2 CH2(0H)CH2(N02) CH2(N02)CH0 

CH2(N02)C02H -> CH,N02 -> CH(N02)=N0H 
CH2(N02)2 C(N02)2=N0H CH(N02)s 

The work of Michael and Carlson, however, indicates that nitric acid 
adds as H—ONO 2 rather than as HO—N02.**’^ Nitration has been 

*•* Konovalov. J. Russ. Phys. Chem. Soc., 38, I. 109, 124 (1908); J. Chem. Soe., 92, 
[1] 1 (1907) IChem. Zentr., 78. I, 400 (1907)], 

Stevens and Sohiessler, J. Am. Chem. Soc., 62, 2883 (1940). 

“* Platonov and Shaikind, J, Gen. Chem. (U.S.S.R.), 4. 434 (1934) [C. A., 29, 1769 
(1936)]. 

*" Elod and Nedelmann, Z. Elektrochem., 33. 217 (1927). 

Michael and Carlson, J. Am. Chem. Soe., 67, 1268 (1933). 

»« Wieland and Rahn, JSer., 64, 1770 (1921). 

•••Wieland and Sakellarios, Ber., 68, 201 (1920). 

”* MlKie, J. Chem. Soc., 962 (1927). 
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accomplished indirectly in various cases by nitrous gases formed from 
oxidative side reactions. A mechanism involving addition of nitrogen 
tetroxide to the double bond as the first step has been offered to account 
for some of Wieland’s products. The formation of the nitric ester of 
2-nitroethan-l-ol from ethene, already cited, was accomplished by a 
mixture of nitric and sulfuric acids rather than by nitric acid.^“ The 
reactive agent in such a mixture, the mixed anhydride HOSO 2 ONO 2 
instead of nitric acid,*** should lead to the formation of the sulfuric ester 
<rf 2-nitroethan-l-ol, and the nitro-nitric ester would result from the 
nitric ester radical replacement of the less negative sulfuric ester group. 

Nitrogen Oxides. Addition of nitrogen oxides is not always pre¬ 
dictable because of the abihty of the oxide molecule to rupture at differ¬ 
ent points, and the capacity of the oxides to function as polymerizing 
and oxidizing agents. Since nitroso, nitro, nitrite, and nitrate groups 
may result from nitrogen oxides, a number of combinations is possible. 
The type of product appears to be partly determined by the relative 
polarities of the unsaturated carbons.*** The addition of nitrogen oxides 
to alkenes is complex because of the diverse capacities in which these 
oxides can function. A prediction of the products might be expected by 
consideration of the relative polarities of the unsaturated carbons and 
of the groups w'hich arise from the intramolecular scission of the oxide. 

The products identified from 2-methyl-2-butene and pure nitrogen 
tetroxide were the dimeric nitroso-nitric ester, the dinitro compound, 
and a nitroalkene.*®*' *** The course of the reaction depends mostly on 
the polarities of the unsaturated carbon atoms and very little on the pro¬ 
portions in which the components are present in the equilibrium;*** 
2 NO 2 O 2 N—ONO. 

Alkenes of the formula RR'C=CHR" and RR'C=CR"R"' reacted 
readily to form nitrosyl chloride addition products, but those of the type 
|ICH=CHR' reacted in this manner only with difliculty.**^ The types 
having a hydrogen atom on one or more of the unsaturated carbons can 
form the oximes, RCHClC(=NOH)R' or RR'CC1C(=N0H)R", by 
migration of a hydrogen atom. 

Catalytic Nitration of Alkenes. Nitric oxide reacts with ethene at 
high temperature in the presence of a catalyst to produce hydrocyanic 
acid, ammonia, and products of decomposition, oxidation, and polymer- 
ization.*** A mixture of alumina and quartz was the most effective 
catalyst. Yields of hydrocyanic acid increase with the proportion of 
ethene in the mixture and with the reaction temi>erature to 1000”, at 

•** Miohael and Carbon, /. Am. Chem. Soc„ W, 843 (1937). 

»« Midiael and Carison, J. Org. Chem., 4, 169 (1939). 

Tuot, Comtd. rend., tOt, 697 (1937). 
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which point both decomposition and polymerization of the ethene take 
place rapidly. The initial step in the production of hydrocyanic acid is 
probably the formation of ammonia by the reduction of nitric oxide. 
The ammonia then reacts on ethene or one of the unsaturated intermedi¬ 
ate products of the decomposition of ethene to produce hydrocyanic 
acid. 

Electrochemical Nitration of Alkenes. Alkenes can be nitrated 
electrolytically.^®* Electrolysis of acetone solutions of nitrates or nitric 
acid and ethene resulted in the addition of nitrate and condensation. 
Increase in current density favors ester fonnation since this increase 
causes higher concentration of nitrate. Ester formation is favored by 
anode material which gives a higher overvoltage and by dilution of the 
ethene with an inert gas. 


Nitration of Alkynes 

The nitration of ethync yields complex nitrogenous compounds in 
addition to trinitromethane. Oxidation also takes place, and the prod¬ 
ucts undergo secondary reactions.*®* Fuming nitric acid and nitric- 
sulfuric acid mixtures arc used as reagents. 

As catalysts, chloroplatinic acid and the nitrates of silver, uranium, 
and copper were ineffective in increasing the yield of tiinitromethane, 
but mercuric nitrate was effective.*®* Chloroplatinic acid and silver and 
uranium nitrates favored oxidation. 

McKic accounts for the production of trinitromethane by the follow¬ 
ing reaction: *** 

ClfaCH -i' CH(0H)=CH(N02) [CH(0H)2—CH(N0*)2] 

-> CH(N02)2—CHO -> CH(N02)!!—CO 2 H CH2(N02)2 + CO 2 

HNOj 

■ CH 2 (NOj )2 —C(N02)2=N0H -> CHfNOsls 
The latter part of this mechanism may be instead: *®® 

CH(N02)2—COsII C(N02)y-C02H CH(N02)a -t- CO 2 

Complex products from the passage of ethync into cold fuming nitric 
acid have been identified and each contains one or more isoxazole nuclei. 
These products are a-isoxazolecarboxylic acid, a,)3'-diieoxazolyl ketone, 

Ohman, Z. Blektrochem., 862 (1936). 

Quilico and Freri, 0<uz. chim. ital., M, 930 (1929). 

Orton and McKie, /. Chem. Sac.. 117, 283 (1920). 
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a-isoxazoleazotrinitromethane, and a small quantity of a,a -diisoxazolyl- 


furoxan.***’ 

CH-CH 

II II 

N C—COOH 

o-lsosazolecarboiylio acid 
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—CH CH 
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II 

1! 11 

11 

N 

C—CO—c- 

—CH 




at/9''DuBOxaBoIyl ketone 


CH-CH NOj 

II II / 

N C—N=N—C—NOj 

\o/ \ 

^ NOj 

o-Iioxasoleasotrinitromethane 


CH-CH 


CH—CH 


N C—CO—-C- 

\o/ 


N-0-N=0 

a.tt'-PuBoxaaolylfurojan 


C—CO—C N 

\o/ 


Ethyne reacts also witA nitric oxide at high temperatures in the 
presence of a catalyst to pi iduce hydrocyanic acid. A slightly higher 
yield was obtained than fro i cthene under the same conditions, but 
more polymerization product ind formaldehyde were obtained. 


Vin. OXIDATION O *Ol iHATIC HYDROCARBONS 

The oxidation of aliphatii ‘'^iroolemf widely studied 

in order to establish an adequ! ™?„.'^*ianism. Four theories of 

oxidation reactions exist; hydroxylation, peroxidation, aldehyde degra¬ 
dation, and activation of molecules. Chain propagation is agreed upon 
in all theories. Oxidation reactions are characterized by induction 
periods and are sensitized by the addition of intermediate oxidation 
products. An excess of oxygen has an inhibitory effect on the oxidation 
of both saturated and unsaturated aKphatics. Alkane oxidations occur 
at lower temperatures than a ’ necessary for alkenc-oxygen reactions. 
Hydrocarbon-oxygen reaction tes are increased by increasing the pres¬ 
sure, although alkanes are more iocted by pressure changes than al- 
kenes. The rate of reaction increases with length of the hydrocarbon 
chHin and is greater for straigb -eht in compounds than for branched- 
chain isomers. 

Both saturated and unsatural d ajiphatics have been oxidized in the 
presence of nitrogen oxides, metals, and metallic oxides. Partial oxida¬ 
tion of aliphatics has been carried out^with such compounds as ozone, 
metallic oxides, acids, and hydrogen peroxide. Alkene and alkyne hy¬ 
drations have been carried out with acids, salts, and metallic oxide 
catalysts. t 

Quilioo and Freri, Gazz. chim. ital., '' 'Ht (1930). 
w> Quilieo, iUd., 61, 265 (1931). 

”* Quilioo, ibid., 63, 603 (1932). 

QuUico and Freri, ibid., 62, 436 (1932), 
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Oxidation of Alkanes 

The early theories of preferential oxidation of carbon or hydrogen 
have given place to the more complex hydroxylation and peroxidation 
theories. 

Thermal Oxidation of Alkanes. A study of molecular structure and 
its effect on thermal oxidation of alkanes leads to the following generali¬ 
zations: (1) as the length of normal hydrocarbon chains is increased, 
less difficulty in oxidation is noted; (2) branching and condensation 
of the molecule increase the difficulty of oxidation.®®* 

Temperatures between 0° and 700° have been used in thermal reac¬ 
tions, but most of the work has been carried out in the range between 
200° and 500°. An increase of temperature usually results in a shorter 
induction period and a nabre rapid rate of oxidation.*®’' ®®* Elevation 
of temperature to just below that at which .cracking is ordinarily carried 
out causes rupture of molecules.*®® ^ 

Pressure increase influences hydf .arbon oxidation in several 
ways:*’® (a) it increases frequency o’" olecular collisions with subse¬ 
quent increase in reaction rate; i.^activates chain carriers; (c) it 

alters the electrostatic o induced or increased polarity; 

and (d) it directs a rcacti; . . ^ ^spaco is required. 

Alkane oxidations ma, sei.oiiized or inhibited by foreign gases 
and solids and by the addition of intennediate reaction products. In 
general, the induction period is shortened and the rate of the main re¬ 
action increased by addition of intermediate oxidation products, such 
as alcohols, aldehydes, and acids.*” ■*’*’*’*■ *’^ 0.xides of carbon have 
little effect in most instances.*’* The influence of hydrocarbon halides, 
hydrocarbons, and nitrogen diluents d-^pends largely on other experi¬ 
mental conditions.*’*'*’*■*”'*’*’*’’ **®' ^ Acceleration by diluents may 

Lewis, J. Chem. Soc„ 1555 (1927).- 

Maman, Compt. rend,j 206, yi9 (1937). 

Arditti, ilnd., 201, 396 (1936). 

208 'WLeeler and Blair, J. Soc. Chem. Ynd.^ i, 491T (1923), 

Burwell, Ind. Eng. Chem., 26, 204 ^1934 . 

Newitt, Chem. Rev., 21, 299 (1937>. 

Bone and Gardner, Proc. Roy. Soc. (Lf *«/on), 164A, 297 (1936). 

Bone and AUum, itnd., 134A, 678 (1932). 

313 Pease, Chem. Rev., 21, 279 (1937). U' 

®^^Pidgeon and Egerton, J. Chem. Soc., 0*6 (1932). 

3^®Norrish and Foord, Proc, Roy. Soy {London), 157A, 503 (1936), 

^^*Prottre, Ann. combustibles Zwjuidr/, 12, 411 (1937). 

Van Hoiningen, Rec. trav. chim., 6^ 65 (1936). 

Coward, J. Chem. Soc., 1382 (19i.^ 03 

Joriasen, Booy, and Van Hemingf trav. chim., 61, 868 (1932), 

*3® Jorissen and Hermans, ibid., 62, 1 »333). 

3^' Steacie and PltJwcs, Proc, Roy.. Soc. {London), 146A, 683 (1934). 
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be attributed to prevention of chain breaking at the walls; inhibition 
may be the result of chain breaking by collision with the diluent. 

An induction period is noted for all alkane oxidations, and it is, 
therefore, highly probable that a chain reaction occurs.®*^®’ During 
the induction period, active centers are formed, and the reaction chains 
are initiated from these centers.*^^ Monovalent radicals may be formed 
at the walls, and the reaction is slower when the reactor is coated with 
material destroying or preventing radical formation.*^ 

The hydroxylation theory of alkane-oxygen reactions postulates the 
formation of an alcohol as the primary step in hydrocarbon oxidation. 
Hydroxylated molecules then react according to the following scheme 
shown for methane; 

CH 4 d- 0 CHjOH 
+ 0 

CH 5 ( 0 H)j H 2 O -b CH 2 O 
-bO 

HC=0 H 2 O + CO 

I 

on 
j^+ o 

HO—C=0 -> H 2 O -b CO 2 

I 

OH 

The formation of the intermediate compounds, formaldehyde 
and formic acid, has also been explained by the peroxidation theory of 
von Elbe and Lewis.The initial product, a peracid, decomposes at 
the surfaces to give monovalent radicals whi(!h carry on the reaction: 

HCO(OOH) -!• HCOO + OH 
OH -b CH 4 -» H 2 O + CHs 
CH 3 + O 2 -> HCHO -b OH 
OH + HCHO ^ H 2 O + HCO 
HCO -b Os nOs -b CO 
HOs -b HCHO HsO -b CO -b OH 
OH -b Wall —♦ Deactivation 
»• Bone and HiU, ibid., U9A, 434 (1930). 

Lewis and von Elbe, “Combustion, Flames, and Explosions of Gases/* Cambridge 
University (1938), pp. 89, 110. 

Bone, J. Chem. 8oc,, 1599 (1933). 

W VQQ Gibe and Ijewis, Am. Chem, 5oc., 59, 976 C1937). 
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Milas has accounted for the methane oxidation through the forma¬ 
tion of peroxides arising from activated molecules.*^ 

I-Activation —> H 3 C;—>H 

HaCH 

^-Dissociation —> HaC- -(- H- 

HsC:—>H -f O 2 —♦ H 3 COOH (Methylhydroperoxide) 

1 

CHjO -1- HaO 

2 H 3 C- -h O 2 —» H 3 COOCH 3 (Dimethylperoxide) 

CH 3 OH + CH 2 O 

H 3 COOH + HCHO -» H 3 COOCH 2 OH CH 3 OH -I- HCOOH 

i 

HCHO + HCOOH + Ha 

A mechanism involving the formation of formaldehyde from free 
hydrocarbons has been suggested: 

CH 4 -t- O CHa + H 2 O 
CHj + 02^ HCHO + 0 

The formaldehyde is further oxidized to formic acid and subsequently 
to carbon dioxide and water. An unstable oxygenated molecule CH 4 O 
may possibly be formed and decomposed into alcohol and aldehyde. 
This suggestion links the peroxidation and hydroxylation theories. 

Another theory based upon primary dehydrogenation indicates the 
following reactions: 

1. Primary dehydrogenation to unsaturated hydrocarbons. 

2. Combination of the unsaturated hydrocarbon with oxygen to 
form unstable peroxides. 

3. Decomposition of peroxides and oxidation of the products formed 
to carbon monoxide, carbon dioxide, and water. If large quantities of 
alkenes are present, their formation may be due to stabilization of a by¬ 
product rather than to an initial reaction.®'^* 

According to the theory of aldehyde degradation for higher alkanes, 
the initial oxidation product is an aldehyde with the same number of 
carbon atoms as the original alkane.”® The aldehyde is further oxidized 
with the loss of one carbon atom. This process is repeated untU prod¬ 
s' MUas, Chem. Rev.. 10. 295 (1932). 

Norrish, Proc. Roy, Soc. (.LoTidon), ISOA, 36 (1935). 

Lewis, /. Chem. Soc., 769 (1929). 

Ubbelohde. Proc. Roy. Soc. (London), ISaA, 354. 378 (1935). 

“» Pope. Dykstra, and Edgar, J. Am. Chem. Soc., 61, 1875 (1929). 
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ucts are formed which are resistant to further oxidation or a tempera¬ 
ture is reached at which general decomposition of the molecule takes 
place. The point of initial oxidation is on the carbon at the end of the 
longest unbranched chain.®”*' ““ In the case of branched molecules, the 
reaction rate decreases when the branch is reached. The slower reaction 
rate results from the formation at the branch of a ketone, which is more 
resistant to oxidation than an aldehyde. Chain propagation of the re¬ 
action is common to all the theories discussed, i.e., hydroxylation, per¬ 
oxidation, activation of the molecules and formation of free radicals, 
and aldehyde degradation. 

Catalytic Oxidation of Alkanes. Alkane oxidation may be catalyzed 
by nitrogen oxides and metals.®^®’ The pronounced effect of nitrogen 
peroxide is probably related to the ease with which the valence of nitro¬ 
gen may be changed,®®” although initial combination of the hydrocarbon 
and nitrogen peroxide may occur.®®®' ®®^ In the case of methane, this un¬ 
stable complex would decompose to formaldehyde and a nitrogen oxide. 
Methyl nitrite has been used as a promoter in the oxidation of methane 
and ethane.®*® 

Some metallic catalysts promote alkane oxidation so that equilibrium 
is reached almost instantly. Platinum, silver, copper, palladium, and 
manganese vanadate may be u.sed satisfactorily under certain con¬ 
ditions.®*®' *®”' *®® 

Use of Oxidants Other than Oxygen Gas. Metallic oxides may be¬ 
come oxygen donors in oxidation reactions with or without catalysts. 
Copper oxide was found to be the most effective oxidizing agent; oxides 
of iron, tin, zinc, and cobalt were less effective.®*®' The reaction of 
ethane with selenium oxide was slow and incomplete, resulting in the 
formation of glyoxal, acetic acid, and carbon dioxide.**® 

When catalysts were used with cupric oxide and methane, their effi¬ 
ciency in the reaction occurred in the following order: cuprous chlo¬ 
ride,*®*' *** cobaltous oxide,***' ®*® manganese dioxide.**® Ferric ox- 

Gimmelman, Neumann, and Sokoff, Acta Phyeicochim. V.H.S.S., B, 903 (1936). 

Layng and Soukup, Ind. Eng. Chem., 20, 1062 (1928). 

Serbinovand Nieman, Compt. rend. U.R.SJS., 2, 297 (1934) [C. A., 28. 6320 (1934)]. 

*•* Smith and Milner, Ind. Eng. Chem., 23, 367 (1031), 

Gimmelman and Neumann, Acta Phyeicochim. U.R.S.S., 7, 221 (1937). 

Davies, Phil. Mag., 21, 613 (1936). 

Boomer and Broughton, Con. J. Reeearch, 18B, 376 (1937); Boomer and Thomaa 
ibid., 15B, 401, 414 (1037), 

Eeyeraon and Swearingen, J. Phys. Chem., 32, 192 (1928). 

Campbell and Gray, J. See. Chem. Ind., 49, 460T (1930). 

MO Neumann and Wang, Angew. Chem., 46, 67 (1933). 

M* Riley and Friend, J. Chem. Soc., 2342 (1932). 

MO Campbell and Gray, J. Soc. Chem. Ind., 49, 447T (1030). 

M»Ameil, ibid., 53, SOT (1934). 
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ceric oxide,*** chromic oxide, molybdic trioxide, and a uranium 
oxide, U 3 O 8 , were also used as catalysts in methane oxidations. Lead 
chromate ’** as an oxidizing agent yields carbon monoxide from methane. 

Perchloric acid has been used with methane, ethane, and heptane. 
The resulting compounds were products of incomplete oxidation, and 
much carbon monoxide was formed.*** 

Oxidation of Alkenes 

Oxidation reactions of the lower aUcencs indicate that the hydroxy- 
lation and peroxidation theories for alkanes also apply to alkenes. 
Cyclic oxides form readily at points of unsaturation. Chain propagation 
of aJkene oxidation is evidenced by an induction period,*** the inhibitory 
effect of excess oxygen,*** and the retardation due to increased surfaces. 
Uncatalyzed alcohol formation from alkenes is a reversible reaction in 
which the equilibrium is well over on the alkene side.**^ The reaction is 
most favorable for ethene, and increa-singly small yields are obtained as 
higher alkenes are used. 

Nitric oxide and metallic salts and oxides have been used to cata¬ 
lyze the oxidation of alkenes. Catalytic hydration of alkenes produces 
alcohols, but equilibrium conditions arc, in general, unfavorable for this 
reaction. Ozone, hydrogen peroxide, selenium oxide, potassium per¬ 
manganate, and peracetic acid have also been used to oxidize alkenes. 
The point of initial oxidation with different oxidants varies with the 
structures of the alkenes. 

Thermal Oxidation of Alkenes. Thermal oxidation reactions of the 
1 -alkenes in the vapor phase are less intense than those of the corre¬ 
sponding alkanes. Thermal decomposition occurre.d at high tempera¬ 
tures in the pres('nce of oxygen but at a much slower rate than oxida¬ 
tion.*** At temperatures above 500° polymerization became a dominant 
factor even when diluents were used.*** 

Ethene oxidations yield aldehyde.s and unsaturated alcohols previous 
to the formation of any oxides or peroxides,*** although in one case 
ethene oxide **” was reported as an initial product. Propene and iso¬ 
butene reacted much more rapidly ■with oxygen than did ethene.*** 
Oxidation of the heptenes indicates that the initial action of oxygen is on 
a non-terminal saturated carbon atom.**® Oxidation of n-octene, except 

Vialard-Goudou, Compt. rend., 203, 505 (1930). 

Thompson and Hinshelwood, Proc. Roy, Soc. {London), 125A, 277 (1929). 

Bone, Haffner, and Ranee, %hid,, 143A, 10 (1933). 

Stanley, YouelJ, and Dyinock, J, Soc. Chem, Jrui., 63, 205T (1934). 

Dairs, Ind. Eng. Chem., 30, 1066 (1928). 

Lenhor, J. Am. Cfiem. Soc., 63, 2420 (1031). 

Beatty and Edgar, ibid., 66, 107 (1934). 
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for a higher reaction temperature, was similar to that of n-octane,**® 
and indicated that the octene reaction began not at the point of un¬ 
saturation but at the opposite end of the molecule. 

The hydroxylation theory advanced for saturated hydrocarbons was 
also applied to alkenes: 


CHa 
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CHj 
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CHs 
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According to the peroxidation theory, the primary reaction of ethene 
and oxygen yields a peroxide which reacts further with the alkene to 
produce alkene oxides. The unstable oxide decomposes to acetaldehyde, 
and complete oxidation of the aldehyde follows: 


CHj 

II + HO, 
CH, 



-»• CHjCHO 

-I- RO 


Oxidation of 2-butene indicated the probability of peroxidation as the 
primary reaction.®” If hydroxylation predominates, the following 
scheme explains the reaction; 


CH,CH=CHCH, 
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Such ketone formation was not substantiated by experimental evidence. 
The acetaldehyde, butadiene, alkene oxide, acids, glyoxal, and water 
found in the 2-butene oxidation products are, however, accounted for 
by a mechanism in which peroxidation is the primary reaction. 

*“ Lucas, Prater, and Morris, tftid., 67, 723 (1936). 
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Catalytic Oxidation and Hydration of Alkenes. Oxidation of alkenes 
to intermediate products has been carried out in the presence of cata¬ 
lysts. Addition of nitric oxide to ethene-oxygen reaction mixtures 
eliminated the induction period and shortened the reaction period.*^ 
Ether accelerated propenc oxidation.®*® Cobaltous oleate, manganese 
vanadate, and vanadium pentoxides function as catalysts.®*®’ ®®*’ ®®* 
Catalytic hydration of the alkenes has not been entirely successful 
since most catalysts become effective only at temperatures high enough 
to displace the eqtiilibrium toward the alkenes.®*® Cadmium metaphos¬ 
phate was used in the hydration of ethene at atmospheric pressure.®*’ 
Alumina and tungstic oxide catalysts were also used, and the products 
included acetic acid and polymerization products.®*® 2-Butene has been 
hydrated in the presence of cuprous chloride, thoria, and phosphoric 
acid.®** 2-Methyl-l-propene and 2-methy]-2-butene were hydrated in 
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the presence of potassium nitrate and nitric acid.**®' **' Other acids were 
used with 2-methyl-2-butene, and the order of the catalytic influence of 
0.1 molar solutions was; dithionic>suIfuric>hydrochloric, hydrobro- 
mic > nitric > p-toluene-sulfonic > picric > oxalic, acetic. 

Use of Oxidants Other than Oxygen Gas, Ozone has been used to 
a limited extent in alkene oxidation. The ozone acts as an oxidant and 
also as a catalyst for the alkcne-oxj^gen reaction. Mixtures of ethene 
and oxygen normally become explosive at temperatures *** above 500°, 
but, in the presence of ozone, explosive reactions occurred around 400°. 

Cis-glycols, which have not been widely investigated, are formed by 
the reaction of alkenes and hydrogen peroxide in the presence of cata¬ 
lysts.*®* Inasmuch as hydrogen peroxide without a catalyst has no 
effect on an alkene double linkage, catalytic action may comsist of split¬ 
ting of hydrogen peroxide into hydroxyl radicals which then add to the 
double bond.*** Osmium tctroxide is a suitable catalyst.*®* Hydrogen 
peroxide with vanadium pentoxide or chromium trioxide produced the 
glycol from 2-mcthyl-2-butene. A pentenc-hydrogcn peroxide reaction 
over ferrous sulfate yielded acetone, acetaldehyde, formic acid, and 
carbon dioxide, but no glycols were detected.**® 

Selenium dioxide and ethene reacted slightly at room temperature 
to produce the trimeric glyoxal.*** The propene reaction was similar 
to that of ethene, but higher alkenes reacted only at elevated tem¬ 
peratures and produced mixtures too complex for analysis. 

Oxidation of alkenes with dilute potassium permanganate results in 
the addition of two hydroxyl groups at the point of unsaturation. Pro¬ 
longed oxidation or use of more concentrated acid causes complete 
oxidation to carbon dioxide and water. When higher alkenes are oxi¬ 
dized with potassium permanganate, scission occurs at the double bond, 
producing two acids. This reaction is used as a test for the point of 
unsaturation of alkenes. 

Oxidation of Alkynes 

Very little work has been done on the oxidation of alkynes, and 
practically none on the hornologs above ethyne. The ethyne-oxygen 
reaction gives glyoxal, formaldehyde, formic acid, hydrogen, and the 
monoxide and dioxide of carbon,***' *** and is apparently chain-propar 

Lucaa and Ebera, J. Am. Chem. Soc.^ 86, 460 (1934). 

*•* Lucas and Liu, tfewi., 66, 2138 (1934). 

Spence and Taylor, ibid., 52, 2399 (1930). 
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gated since an induction period and inhibition by an excess of oxy¬ 
gen were noted.*®’ At high pressures, increased surface-volume ratio 
lowered the reaction rate; at low pressures, similar surface changes had 
a slight accelerating influence.*’® Nitrogen dilution ®®’ of the ethyne- 
oxygen mixture had a slight retarding effect. Glyoxal and formaldehyde 
cannot be important chain carriers since the former had little influence 
on ethyne oxidation and the latter had an inhibitory effect.®’® 

Ethyne has been oxidized in the presence of nitrogen oxides and a 
few metals. Nitrogen peroxide appreciably lowered the reaction tem¬ 
perature of ethyne and oxygen,®’^ and the principal product was gly¬ 
oxal.*” Copper, silver, gold, nickel, iron, and platinum were also used 
as catalysts for the complete oxidation of ethyne.*’* 

Potassium permanganate was used to oxidize ethyne, 2-pentyne, and 
3,3-dimethyl-l-butyne to acid.s.*’® In these reactions it is probable that 
any primary addition product immediately splits at the point of unsatu¬ 
ration. Selenium dioxide was used to oxidize 1-heptyne and 1-octyne.*’® 
The initial reaction was the substitution of a hydroxyl radical on the 
carbon atom adjacent to the un.saturated carbon. Ethyne and oxygen 
saturated with water vapor and illurainated by a mercury arc produced 
oxalic acid and an aldehyde.*’® 

The theories of peroxidation, hydroxylation, and bond activation, 
which were offered for the more saturated hydrocarbons,*” may also 
be applied to the alkynes.*” • *’* 

Low-temperature oxidations have been carried out on mixtures of 
aliphatic hydrocarbons such as gasolines and lubricating oils, and this 
reaction is responsible for gum formation. Since there has been httle 
attempt to carry out these reactions on pure hydrOcaihons, these are 
omitted from this study. 
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37* Lenher, ibid., 63, 3737 (1931). 
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®7* Krestinaky and Kelbowskaja, Ber., 68, 512 (1935). 

®7® Guillemonat, Comyt. rend., 201, 904 (1935). 
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IKTRODUCTION 

Carbocyclic compounds are classified on the basis of their behavior 
as aromatic or alicyclic.* With the exception of cyclopropane (generally 
regarded as the first member of the cycloalkane series) and its derivatives, 
the alicyclic compounds possess chemical properties very similar to those 
of the aliphatic series. It follows that in most instances our knowledge 
of aliphatic compounds can be transferred to the members of the alicyclic 
group. On this account, the chemistry of alicyclic compounds Is of 
interest primarily because of stereochemical properties inherent in the 
ring form as opposed to open-chain structures. The chemical manifes¬ 
tations of space factors in this field are most pronounced in connection 
with reactions which involve the opening and closing of rings, and in the 
alteration of properties of functional groups which are a part of the ring 
or are directly attached to it. 

Cyclohexane and its derivatives can be made by the addition of 
hydrogen to the corresponding aromatic compounds, and, for this reason, 
they have been called hydroaromatic compounds. It is possible to prepare 
aromatic compounds also by dehydrogenation of the corresponding 
cyclohexane derivatives. However, this relationship of the cyclohexane 
group to the aromatic series is almost entirely a genetic one; the two 
classes differ radically in their chemical properties. 

This close connection between aromatic and alicyclic compounds is 
undoubtedly responsible for the fact that, of the latter group, the six- 
membered type was the first to be prepared. Indeed, untd about 1880 
it was generally supposed that rings smaller or larger than this could 
not exist.' All attempts to synthesize such rings had been fruitless, and 
they had not been found in nature. Moreover, there were theoretical 
grounds for this opinion, for it was evident that the smaller rings, at 
least, could not be made from carbon atoms having the rigid tetrahedral 
form which had been used so successfully in solving other structural 
problems. If the four bonds of a carbon atom are directed toward the 
vertices of a regular tetrahedron each forms an angle of 109° 28' with 
the others. As a matter of fact, it is impossible, by use of such atoms, to 

• The term alieydic was suggested by Bamberger, Ber., SS, 769 (1889). 
tM<^er, Ann ., 180, 192 (1876). 
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construct any ring of fewer than five members. The following table 
shows the angles which are required for the formation of the smaller 
rings, together with the deviation in each case of the valence bond from 
the normal position in the regular tetrahedron. 


Hydrocarbon 


Ethylene (cyeloethane) 
Cyclopropane. 


Cyclobutane 


Cyclopentane 


Formula 

Angle 

Deviation 

CH,=CH, 

0° 

54“ 44' 

CHa—CHi 

60 

24° 44' 

\ / 



CH, 



CH 2 —CHa 

1 1 

90 

9° 44' 




CHj—CHi. 

I 

(3Ha—CHj/ 

108 

0° 44' 


Between 1880 and 1885, however, came a rapid succession of events 
which revolutionized chemists’ ideas of ring compounds and laid the 
foundations of modern alicyclic chomi,stry. The first of those was the 
discovery of Markownikoff and Krestownikoff that ^-chloropropionic 
acid, when heated with dry sodium ethoxide, was converted into a com¬ 
pound containing a ring of four carbon atoms—1,.3-cyclobutanedicar- 
boxylic acid.^ 


CHj-CHiCOjH 

I 

Cl Cl 

I 

H02CCH2—CH2 


CHz—CHCO2H 

I I 

HOjCCH—CH2 


^-Chloropropionic 

acid 


1,3-Cyclobulnnedicarboxylic 

acid 


Almost immediately after this Freund ^ succeeded in making cyclo¬ 
propane—a hydrocarbon containing a three-membered ring—by the 
action of sodium on trimethylcne bromide. 


^CHdlr yCBi 

CHj + 2 Na CH2 i + 2 NaBr 
'^CHjBr \dH2 

Trimethyiene bromide Cyclopropane 

A little later Perkin * found that ethyl malonate condenses with tri¬ 
methylene bromide in the presence of sodium ethoxide to give ethyl 
1,1-cyclobutanedicarboxylate. 

* MarlcownikofF and Krestownikoff, Ann., JOB, 333 (1881). 

* Freund, Manatah., S, 626 (1882). 

* Perkin, Ber., 16 , 1793 (1883). 
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^CHsBr ^OjCjHs ^COjCiHs 

CHi + CHj CHa C 

N:HjBr N^OjCiHs \:Hs/ N^OsCsHs 

Ethyl 1,1-cycIobutane- 
dicarboiylate 


These results established the existence of three- and four-membered 
carbon rings and demanded drastic revision of the current opinions 
regarding the stereochemical character of the carbon atom. 

Baeyer's Strain Theory. An ingenious and very plausible solution 
to the problem was advanced by Baeyer/ who assumed that the normal 
angle between the valence bonds of carbon was 109° 28', but that it was 
possible for this angle to be altered. Any deviation from this angle, how¬ 
ever, was supposed to bring about a condition of strain which, according 
to the theory, was attended by a corresponding decrease in stability. 
The greater the strain involved, the less would be the stability of the 
resulting compound. 

Striking confirmation of this theory was obtained almost at once by 
Perkin,® who succeeded in preparing a compound containing the qjclo- 
pentane ring. By condensation of two molecules of malonic ester with 
one of trimethylene bromide, he obtained a tetracarbethoxypentane 
whose sodium derivative, w'hen treated with iodine, gave ethyl 1,1,2,2- 
oyclopentanetetracarboxylate. 


^HjBr CHsfCOsCjHsla 
CHj -b 

\:H2Br CHofCOaCsHsls 


NaOC2n5 
->• 


^CHj—ClKCOaCsHsla 
CIIj 

\cH 2—CHfCOzCzHOz 


..CHj-CfCOjCsHsls 


CH 2 


Na 

Na 


''CHj—C(C02C2H6)2 


.CH 2 —CiCOaCzHsla 


'^CHit—C(C02C2H6)2 


Hydrolysis of the ester gave an acid which, when heated, lost carbon 
dioxide and yielded 1,2-cyclopentanedicarboxylic acid. 



-2COi 
- > 


^CH 2 —CHCO 2 H 
CH 2 

NiHi—CHCO 2 H 


•Baeyer, Ber., 18, 2277 (1886). 
•Perkin, Ber., 18, 3246 (1885). 
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It should be pointed out that, according to Baeyer’s theory, the 
cyclopropane ring, since it possessed greater strain, should be less stable 
than the cyclobutane ring, and that, in turn, the latter should be less 
stable than the cyclopentane ring. The 1,2-cyclopentanedicarboxylic 
acid was, indeed, found to be extremely stable, and so completely ful¬ 
filled the predictions of the theory. 

It may be said at once that, for hydrocarbons having rings smal¬ 
ler than that of cyclohexane, the theory of Baeyer is in fairly 
satisfactory agreement with the facts which are known at the present 
time, although the physical nature of the strain is not yet fully 
understood. 

Strainless Rings. An integral part of Baeyer’s strain theory was 
that the carbon atoms of the ring must lie in a plane, and, on this basis, 
he predicted that the formation of large rings would involve negative 
strain. From an inspection of the following figures, it is evident that, 
in cyclohexane and compounds containing large rings, the planar con¬ 
figuration required that the angle formed by the valence bonds be some¬ 
what greater than normal, and that the amount of this stretching is 
greater in proportion to the size of the ring. 



Cyclohexane 


Cycloheptane 




.CHj-CHj 


*•2 
c'Hj 


135' 


CH^—CHj 

Cyclo6ctanc 


CH, 


This postulate was supposed to account for the fact that rings of more 
than six members had not been made or discovered in nature, and were 
presumably very unstable. Moreover, it implied that very large rings 
would be incapable of existence. < 

This part of Baeyer’s theory has proved to be misleading if not en¬ 
tirely erroneous. Sachse ’ was the first to perceive that the so-called 
negative strain need not exist and that the large rings might, in fact, be 
strainless. This idea was disregarded by chemists for nearly thirty 
years, but was eventually revived and elaborated by Mohr,* and within 
recent years has been almost fully confirmed by experiment. The idea 
of Sachse may be illustrated by reference to models. When, by the use 
of tetrahedral atoms, models are constructed for rings containing more 
than five members it is found that the atoms forming the ring do not lie 

^ Sachae, Ber., S3, 1363 (1890); Z. phyaik. Chem., 10, 203 (1892). 

• Mohr, J. praH. Chem., [2] »8, 349 (1918); 108, 316 (1922). 
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in a plane aa they do with smaller rings. For example, six tetrahedral 
atoms may be united as shown in Fig. 1 or 3. 




Fro. 2 



Fra. 3 


These models differ from the planar one shown in Fig. 2 in that they can 
be constructed without distortion of the tetrahedral form of the atoms 
involved. For the atoms to be in a plane as in Fig. 2 it is necessary, as 
noted earlier, to introduce “negative” strain; i.c., increase the angle 1^ 
tween the annular bonds to values greater than the normal. 

Since stable rings which contain more than thirty members are now 
known there is no necessity for assuming a planar form for any ring of 
more than five members. As will appear in the scqvicl, this theory has 
been confirmed by the work of Ruzicka, Htickel, Ziegler, and others. 
Rings of this type are knowm as slrainl^s rings. The compounds con¬ 
taining very large carbon rings have been made in a variety of ways and 
have been found to possess stabilities comparable with those of the corre¬ 
sponding open-chain compounds. It should be mentioned, however, 
that there is evidence that some strain persists even in the compounds 
containing very large rings.® 

The Occurrence of AlicycUc Compounds in Nature. Rings of the 
alicyclic type abound in natural products. Most of these consist of five 
or six members. Thus the nonbenzenoid cyclic hydrocarbons obtained 
from petroleum—generally known as naphthenes —as well as naphthenic 
acids are chiefly derivatives of cyclopentane and cyclohexane. 

The most important group of naturally occurring alicyclic compounds 
is formed by the terpenes and their derivatives. These occur in essential 
oils, particularly those from citrus fruits; they are also found in oil of 
turpentine and similar materials made from coniferous trees. They 
embody rings of all sizes up to and including the cyclohexane ring, which 
is the one most frequently encountered. A glimpse of this vast field is 
afforded by a list of the skeletal structures of the principal types. 

The most important monocyclic compounds in this group are deriva¬ 
tives of p-menthane. Limonene and menthol are examples: 

• Carothera and Hill, J. Am. Chan. Soe., U, 5043 (1033). 

*® V. Braun, al., Ann., 490, 100 (1931). 
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CHs 

CHs 

CHs 

j 

^CH\ 

1 

1 

CHs CHs 

CH CHs 

CHs CHs 

1 1 

CHs CHs 

1 1 

CHs CHs 

1 1 

CHs CHOH 




j 

/CH\ 

1 

j 

/CH^ 

CHs CH, 

CHj CHs 

CH, CHa 

p>Menth{uie 

Limonene 

Menthol 

The bicyclic compounds which have the cyclopropane ring are deriva¬ 

tives of thujane and carane. Sabinene and thujone are among the thu- 
j|pe derivatives v/hich occur naturally. 

CHs'^ 

CHs 

11 

CH, 

j 

ll 

j 

/CH^ 

HC, CHs 

1 \ 1 

HC, CHs 

! \ 1 

HC, CO 

1 \ 1 

1 \ 1 

HsC \ CHs 

HsC \ CHs 

HsC \ CHs 


\c/ 


1 

/CH^ 

1 

/CH\ 

j 

/CH^ 

CHs CHs 

CH, CH, 

CH, CH, 

Tbujone 

6abin«nc 

Thujone 

The carane group includes 3-carene and carone. 

CHs 

CHs 

CHs 

j 

/CH^ 

j 

j 

CHs CHs 

CH CHs 

CHs CO 

1 1 

CHs CH 

1 1 

CHs CH 

Vh/ \c/^ 

1 1 

CHs CH 

\ch/ NcX 

N:h, 

N:h, 

XIH, 

Carane 

3-CaroQe 

Carone 

The pinane derivatives, such as a-pinene and myrtenal, contain a 

four-membered ring in addition to the usual six- 

■membered ring. 
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CHO 


CH, CH, 

I 

C-CH, 


/ \ 

HCs. CH, CH 


^C-CH, 


\ 

CH, CH 


C-CH, 


^CH^ 

o-Pinene 


^CH^ 

Al3Tt«nal 


Camphor belongs to the camphane series, the members of which have 
a structure made up of two condensed five-membered rings. The isocam- 
phane, fenchane, and isobomylane groups are similarly constituted. 

CH, CH, 


CH,-C-CH, 

I 

CH,—C—CH, 

I 

CH,-CH-CH, 

Campbaad 


CHr-CH- 


CH,-C--CO 

I 

CH.—C—CH, 


CH,—CH—C 


CH,-CH-CH, CH, 

Camphor 

/CH, 

CH,-CH-CH, 


CHr-CH—CHCH, 

Idocamphaoe 


1 ^CH, 

1 

CH, 

CH,—C—CH, 

j 

CHz-C—CH, 

j 

CH,-CH-CHCH, 


CH, 

Fonchane 


iBobornylsno 


An inspection of the foregoing structures reveals the striking fact 
that each is made up of two isoprene units, as is showm by the following 
diagram: 

C C 



Carbon ik^ton Carbon alE«Ieton Carbon akaletoa 

of oamphor of oarona of iaoprone 
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The structural unit represented by isoprene is also to be found in open- 
chain terpenea and sesquiterpenes. 

Complex alioyclic ring systems also appear in many of the more com¬ 
plicated structures which have been found in nature. Among these are 
the higher terpenc compounds, the sex hormones, the sterols, the bile 
acids, the resin acids, the sapogenins, and certain alkaloids. 

The elucidation of the structures of such natural products and the 
synthesis of their analogs has always been one of the most attractive and 
useful occupations of organic chemists, and, from the preceding section, 
it is evident that much of the work in this field has been concerned with 
the synthesis of alicyclic rings. Fortunately, the six-membered ring, 
which is by far the one most frequently encountered, can be made by 
hydrogenation of the benzene ring. For the preparation of rings of other 
sizes the chemist has used three types of methods, namely, ring closures, 
ring expansions, and ring contractions. 


THE SYNTHESIS OF ALICYCLIC COMPOUNDS FROM 
AROMATIC COMPOUNDS 

The transformation of benzenoid compounds into the corresponding 
cyclohexane derivatives by hydrogenation is a very general method 
which is frequently used. The preparation of cyclohexane by hydro¬ 
genation of benzene over nickel at 180-200° was first accomplished by 
Sabatier and Senderens.^* Naphthalene, under similar conditions, yields 
tetrahydronaphthalene (tetralin), and at higher temperatures and pres¬ 
sures decahydronaphthaJene (decalin) is produced. 

The partially hydrogenated rings are very reactive, and in the pres¬ 
ence of hydrogen acceptors tend to revert to the benzenoid condition by 
loss of hydrogen. In fact, disproportionation is frequently observed. 
Thus, Zelinsky and Pavlov showed that, in the presence of palla¬ 
dium or platinum, and at teraperaturas somewhat above their boiling 
points, both cyclohexene and cyclohexadieue arc irreversibly converted 
into mixtures of benzene and cyclohexane. 

Some aromatic compounds, such as benzoic and phthaUc acids, can 
be reduced by means of sodium and alcohol, but the method does not 
always give good yields. 

Various types of catalysts have been used in the hydrogenation 
(p. 817) of benzene. Sabatier and Senderens discovered that nickel was 
a catalj^t for the hydrogenation of various aromatic compounds in the 

” Sabatier and Setulerens, Compt. rend., X3S, 210 (1901). 

« Zdinaky, Ber., B8B, 864 (192S). 

Zelinsky and Pavlov, Ber., 66B, 1420 (1833). 
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vapor phase. This method has not been particularly useful in the labora¬ 
tory. The method of Ipatieff for hydrogenation of compounds in the 
liquid phase at high pressures has led to the development of the present 
practice which involves improved nickel catalysts and pressures from 
50 to 200 atmospheres at temperatures from 100 to 200°. By this method 
it is possible to hydrogenate almost any aromatic compound. For reduc¬ 
tion at ordinary temperatures and pressures platinum black (Willstatter), 
colloidal platinum (Skita), and platinum oxide-platinum black (Adams) 
have been used. 


THE SYNTHESIS OF ALICYCLIC COMPOUNDS BY MEANS 
OF RING CLOSURES 


Almost every type of reaction involving the formation of a carbon- 
carbon bond has been used succes.sfully in the synthesis of alicyclic com¬ 
pounds from open-chain compounds. The probability that a given type 
of intermolecular condensation reaction can be made to take place intra- 
molecularly depends largely upon the size of the ring which would result. 
Other factors, however, such as the number and kind of substituents pres¬ 
ent, are often of great importance. The old \'iew, that the ease of ring 
closure was a measure of the strain of the resulting ring system, has now 
been generally abandoned. It has become evident that steric factors 
other than ring tension play an important part in determining the tend¬ 
ency of a given ring closure to take place. 

Of the numerous methods of ring closure to be found in the literature, 
the following are among those w'hich have proved to be most inseful and 
most interesting from a thcoretiaal point of view. 

The Freimd Reaction. The coupling together of two alkyl residues 
by the action of metals such as sodium or zinc on halogen compounds 
has been widely used; yields of 50 per cent or better are obtained 
in many instances. A similar condensation occurs when polymethylene 
halides react with a metal. 


yCHiK yCHt 

(CHj)„ -f Zn (CH2)„ + ZnXa 

\lH2X NzTIj 


This method has been used to prepare rings of three, four, five, and six 
members, but gives good yields only in the cyclopropane series. Cyclo- 
butane itself and cycloheptane have not been prepared in this way. The 
synthesis of cyclopropane and its homologs is usually carried out by 
treatment of the bromide with zinc in alcohol; the yields are sometimes 
mid Marshall, /. Am. C/ic7n, Soc.. 60, 1970 (1928). 
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as high as 68 per cent of the theoretical amount.A method has been 
developed for making the hydtocarbon by the interaction of 1,3-dichloro- 
propane and zinc in the presence of sodium iodide.'® This type of reac¬ 
tion illustrates the close similarity of the chemistry of the cyclopropanes 
to that of the olefins (cycloethanes). 


R 

I 

.CHBr 

CH/ + Zn 

N:HBr 


R 

I 

CH 


CH 




+ ZnBr2 


R 


R 


R—CHBr RCH 

I + Zn —> |{ “b ZnBr2 

R—CHBr RCH 


• From the standpoint of the strain theory, it is interesting to note that 
the formation of the olefin takes place jnorc easily than that of the three- 
raembered ring which, in turn, forms more readily t,han the cyclobutane 
ring—a result which is exactly opposite to that predicted by the original 
theory of Baeyer. 

Condensations of Unsaturated Compounds. The tendency of ole- 
finic and acetylenic compounds to polymerize frequently leads to the 
formation of alicyclic rings. Thus, cinnamic acid under the influence of 
sunlight is slowly transformed into truxillic and truxinic acids. 

C6H5CH=CHC02H CsHjCH—CHCOjH CeHsCH—CHCO sH 

-> ( I and II 

C,H6CH==CHC02H CoHiCH—CHCO 2 H H02CCH—CHCsHs 

Cinnuinic ftcid Truxioic acid Truxillio acid 

Self-addition of this type does not occur with the simplest olefins, but is 
frequently realized with those of higher molecular weight. Such proc¬ 
esses can generally be reversed by heating. It has been shown that 
divinylacetylene undergoes this type of reaction.*'' 

CH2==CH—C=C—CH=CH, 80” CHi—CH-C^—CH—CHs 

-> I I 

CHs=CH—C=C—CH^CHj , CH2==CH—C^C—CH—CH 2 

Cyclization of an olefinic compound to a cyclohexane derivative has 
also been observed. When heated in the presence of methanol and 

“ Lespienu and Wakeman, Bull. soc. ohim., 51, 384 (1932). 

’• Hass, McBee, Hinds, and Gluesenkamp, Ind. Eng. Chem., SS, 1178 (1930). 

Cupary and Csjvthers. J. Am Chan. Soc., 56, 1167 (1034), 
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potassium carbonate, vinyl mesityl ketone trimerizes to 1,3,5-trunesi- 
toylcyclohexane.** 


C#HuCOCH 


CH, 


CHCOCoHu 


CH, CH, 

^CHCOC,Hn 


/CH,^ 

CsHiiCOCH CHCOCJHii 

I I 

CH, CH, 


\ / 


CHCOC 9 H 11 


The Diene Synthesis. 1,3-Butadiene and similarly constituted di¬ 
enes have been found to condense with a variety of unsaturated alde¬ 
hydes, ketones, esters, quinones, and the like to give six-membered 
rings.** The reaction was discovered by Diels and Alder “ and is gener¬ 
ally referred to as the Diels-Alder or diene synthesis. It may be illus¬ 
trated by 1,3-butadiene and acrolein which combine to give a tetrahydro- 
benzaJdehyde. 

^CH, 

CH CHCHO CH CHCHO 

I +11 - II I 

CH CH, CH CH, 

"^CH, 

1,3-Buta<liene AcroJein 


In place of the acrolein it is possible to use quinone, maleic anhydride, 
and a large number of other a,^-unsaturated carbonyl compounds. 
Derivatives of cyanoacetic and acetoacetic esters of the following types 
may be included: 


RCH=C 


'I 

J 

N:o,c,: 


RCH=C 


^OCH, 

-1 

J 

N::o,c,H6 


However, the synthesis is not restricted to a,^unsaturated carbonyl 
compounds. It has been extended also to styrene, vinyl chloride, vinyl 
acetate, and allyl chloride. 

Isoprene, 2,3-dimethyl-l,3-butadiene, cyclopentadiene, furan, and 
numerous other substances containing the conjugated diene structure 
undergo this type of condensation. So general is the reaction, in fact, 
that it can be used as a test for the presence of a conjugated olefinic 
linkage in a molecule. The reaction invariably leads to the formation of 

“ FuBon and MeKeever, ibid., 63, 2088 (1940). 

** Dida and Alder, TvrUchr. Chem. Org. Naluritoffe, 3, 1 (1039). 

Diela and Alder, Ann., 460, 08 (1028). 
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a six-membered ring. It may be represented by the following generalized 
equation. 


^C< 

N/ 


-c 

c 

0 

/\ 

( + 

II - 

► II 1 

-c 

-CR 

\c/ ^ 

/\ 




If the diene forms part of a ring the product will be a bicyclic com¬ 
pound. An example is the condensation of vinyl acetate with cyclopen- 
tadiene; the product is the acetate of a bicyclic alcohol, which can be 
converted to norcamphor.^' 


CH \ 



CyrloperitadiPDe 


+ 


CH, 

II 

CHOCCH3 


CH I CH, 

II CH, I 

CH CHOCCH3 
^CH^ 


yCH-^ 

CIlJ CH, CH,i CH, CH2I CH, 

I CH, 1 I CH, I I CH, | 

CH,| CHOCCH, CH,1 CHOH CH,| CO 

^H-^ ^CH^^ ^CH-^ 

Norcampbor 


Intramolecular condensation may also lead to ring formation. A 
very interesting example of thi.s is the transformation of di-O-bromo- 
allyl)-malonic e.ster into m-toliiic acid. The condensation is effected by 
use of alcoholic pota-sh and presumably involves the formation of a 
diallene as an intermediate. 


Cn,=CBrCH,v^ ^COjR 
C 

CHjt=CBrCH,'^ ^COjR 

Di'(^bromoallyl)- 
malonic eetor 


CH2=C==CH\^ yYl 
C 

CH,=C=Ch/ ^co,h 


CH,—C==CH 

/ \ 


-+ HC C—CO,H 

^C—C^ 


Alder and Rickort, Ann., S43, 1 (IMO). 


H H 

m-Toluio aidd 
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The formation of dihydro-o-toluic aldehyde from a, 7 ,e-octatrienal is 
another remarkable example of intramolecular addition.^ 


CHr-CH 

II 

CH 


CHO 



CH 






CHO 


>C CH 

ch/ I II 

CH CH 

Vh/ 


Pyrolysis of Salts of Dibasic Acids. The general method of prepar¬ 
ing ketones by heating the salts of the appropriate acids was early applied 
to the synthesis of cycloalkanones. The first of these to be prepared was 
suberone; it was first made by Boussingault “ in 1836 by distillation of 
calcium suberate, but its structure was not definitely established until 


(CHj)6 

Calcium aubcrate 


/CHjs^ 

(CH!!)4 C=0 

\ch/ 

Cycluhcptanoiio 


1893—eight years after the publication of Baeyer’s strain theory—when 
Wislicenus and Mager “ showed that it was a seven-membered cyclic 
ketone, cycloheptanone. 

This method of preparing cycloalkanones is very general, but can¬ 
not be used in the case of three-membercd rings. When calcium succinate 
is distilled cyclopropanone is not obtained; there is formed, however, a 
small amount of a six-membered cyclic dike tone, 1,4-cyclohexanedione. 

CHj CHz CH, 

2| - I I 

CHs CHj CHi 

\cc)2^ 

l,4-<?ycloliexaDedione 

This is one of many instances of the preferential formation of a six- 
membered ring where the closure of a three-raombcred ring is desired. 
Calcium glutarate is even more interesting, for here one would expect to 
get a four- or an eight-membered ring, neither of which forms readily. 

**Bonihau«* and Noubauer, Z., S51, 173 (1932). 

** Boussingault, Ann, Chem. Bharm.^ 19, 308 (1836). 

Wislicenus and Mager, Ann.^ 176, 367 (1803). 
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Jn conformity with this, no cyclization whatever is observed, A very 
special instance of the closure of the four-membered ring by this method 
has been reported by Stark, who obtained “deraethylated pinone” by 
heating the calcium salt of hexahydroiaophthalic acid.“ 


^CHss^H 

/CH2^ 

CHj C—CO 2 H 

CH 2 

1 1 

1 CO 1 

CHs CHj 

CHs 1 CHs 

^C^COiH 

/ 

0- 

\ 


H 

In place of the calcium salt, others, such as the barium, cerium, 
yttrium, and thorium compounds, have likewi.se been subjected to 
thermal decomposition. Ruzicka and Bnigger have shown that the 
thorium salts often give much better yields than the calcium salts. Using 
this method, Ruzicka, Stoll, and Schinz ha\’e prepared cycloalkanones 
having very large rings.Cycloalkanediones are also obtained. 


yCOlH 

(CHjjn 

\:o2H 


/CO\ 

(CH2)„=C0. (CH2)„ (CH2)„ 


The largest ring so far reported is a cycloalkanedione of thirty-four mem¬ 
bers. These compounds will be described in more detail in a subsequent 
.section. 

The mechani.'^m of this reaction i.s inherently ob.scure. It is known, 
however, that the yields depend to some extent on the metal used. This 
is clearly set forth in the following table, which contrasts the yields 
obtained by the use of thorium salts with those afforded by the old 
method (using calcium salts). 

Per Cent Yield op 
Cycixialkanone Using 


Acid 

Calcium Salt 

Thorium Salt 

Glutaric 

0 

0 

Adipic 

45 

15 

Piraelic 

40-50 

70 

Suberic 

35 

50 

Azelaic 

5 

20 


Recent work indicates that the ring closure resembles the Dieckmann 

" Stark, Ber., 46, 2389 (1912). 

Rusicka, Stoll, and Schinz, Helv. Chim. Ada, 9 , 249 (1926). 
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reaction, the salt of a keto acid being formed and subsequently decom¬ 
posed to give the cyclanone.®^ 


^COsM 

(CH2)„ 

\:h2C02M 


(CH,)„ 




\ 


CHCOjM 


yCO 

(CH2)„ 

\}H2 


In an attempt to formulate a rational explanation of the variation in 
yield with increase in the number of atoms in the ring Ruzicka and his 
co-workers ^ pastulated that the cyclization depends on two factors. 
One, the distance between the ends of the chain, will obviously favor the 
formation of small rings and oppose that of large rings. The second fac¬ 
tor, according to the theory, depends on the intrinsic stability of the 
rings, and will, in consequence, favor the formation of strainless rings. 
Expressed graphically this postulate pictures the actual yield (curve c) 
as the resultant of the “distance factor” (curve a) and the strain factor 
(curve b) as shown in the following figure: 



Fia. 4* 


An interesting and useful modification of the foregoing method was 
developed by Blanc, who found that slow distillation of the anhydrides 
of certain dibasic acids produced cycloalkanones.^ Only a little cyclo- 

Neunhoeffer and Paschke, Ber., 72B, 919 (1939). 

** RuacJut, Brugger, Pfeiffer, Sehiai, sad 8toU, Ber., 9, 499 (1920). 

* From Ruzicka and eo-workers, Heir. Chim. Aeta, 9, 499 (1926). (Courtesy oj the pub¬ 
lisher's.} 

» Blanc, Compl. rend., 144, 1366 (1907), 
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heptanone could be produced in this way, and even for cyclopentanone 
and cyclohexanone the 5 delds did not exceed 50 per cent. Alkyl groups 
have a remarkable effect on the yields obtained as is shown by the follow¬ 
ing illustrative examples, in all of which the yields are nearly quantitative. 

CHaCH—CHj 

I 

CHaCH—CHs 
CHs—CHCHs 

I 

CHr-CHCH jCH=CH 2 
CHa 


CHj—CHj 

i > 

CHj—C-CH(CH3)2 

I 

CHs 

CHj-C(CH5)2 

I 

CH 2 —CHj 

CHz—CIICHs 
CHzC^ 

C-CHj 

II 

(CH3)2 

This is a striking example of the general rule that the presence of alkyl 
groups and particularly the gcw-methyl groups ((CH 3 ) 2 C) enhances 
the tendency of a chain to undergo cyclization. The original strain the¬ 
ory of Baeyer takes no account of the influences of substituents. 

Blanc’s results are summarized in what is known as Blanc’s rule,’^ 
which states that when adipic and pimclic acids are heated with acetic 
anhydride and then distilled (at about 300°) cycloalkanones are formed, 
whereas succinic and glutaric acids under similar conditions yield cyclic 
anhydrides. Blanc’s rule has been used frequently in determining the 
constitution of dibasic acids of the hydroaromatic series.’® It is now 

“ Windaus, HQckolr and Reverey, Bcr.^ 56, 91 (1923). 




CH 2 —CH 2 



I 

CHa 
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known that this rule is not always valid; sometimes when the two car¬ 
boxyl groups are attached to different rings, a seven-membered anhydride 
forms.*^ 

Perkin’s Method. The method of Perkin, already mentioned (p. 67), 
involves the use of compounds containing active methylene and methinyl 
groups together with polymethylene halides, and is capable of wide 
variation. Perhaps the simplest example is the preparation of cyclopro- 
panecarboxylic acid from ethylene bromide and malonic ester. The 
condensation takes place in the presence of sodium ethoxide and involves 
two steps.* 


CHjBr /COjCjHi CHi...^ 

I + CH< - 1 

CH,Br N^OjCjH, CHjBr 


COjCsHj CHr. .CO 2 C 2 H, 
COiCsHs \cO 2 CJIt 


Saponification of the ester yields 1,1-cyclopropanedicarboxylic acid 
which when heated passes into the monobasic acid by loss of carbon 
dioxide. 

yCOiCiRi ^COiH 

C C -> CHCO 2 H 

'^COsCjHs CIIj^ ^C02ll 0112^ 


The method has been used similarly for the preparation of the corre¬ 
sponding four-, five-, six-, and seven-membered rings. The yields corre¬ 
spond approximately to the predictions based on the assumption that 
the tendency of a ring to form is governed by the amount of strain it 
possesses; i.e., they fall in the following order: C 5 > Ce > C 4 > C 3 > C 7 . 
In the case of the cyclopentane derivative the jueld is nearly quantitative. 

Similar results are obtained with acetoacetic ester. Thus, with tetra- 
methylene bromide the principal product is ethyl 1-aceto-l-cyclopentane- 
carboxyl ate.®' 


CH2CH2Br ^COjCsHs 

I + CHs 

CHjCHsBr N^OCHj 


CHsCHsx /CO 2 C 2 H 5 

NaOCjHfi 

-> o 

ch2CH2'^ \::och3 


Hydrolysis and decarboxylation in these cases lead to the formation of 
the corresponding cycloalkyl methyl ketones. 


yCOiH. 

iCEi)/ C (CEiC ^CHCOCHs 

\:;h2/ ^COCH, 

WindauB, Z. physiol. Chan., SIS, 147 (1932). 

, * Meincke, Cox, and McElvain showed that use of the maenesium derivative of malonic 
eater led to the formation of a small amount of 1,1,4,4-tetracarbethoxyoyolohexane 
J. A.m. Chem. Soe., 67, 1133 (1935). 

“ Goldaworthy, J. Chem. Soe., 377 (1934). 
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This synthesis has been carried out for the cases in which n = 0, 2, 3, 
and 4, but not for that in which n = 1. In the condensation with ethyl¬ 
ene bromide the second phase of the reaction gives a second product 
derived from the enol form of the ketone. 

^COsCjHs 

CHs-CH Naocu. 

CHsBr COCK, ^ 

\o/ 

In the case of trimethylene bromide (n = 1) the cyclic ether—a deriva¬ 
tive of dihydro-1,4-pyran—is the sole product. 

Of particular interest is the resolvable (p. 340) spiroheptanedicar- 
boxylic acid prepared from pentaerythritol by the following series of 
transformations: * 


C2H602C\^ 

CsHdOjC-^ 


HOCHjx^ ^CHsOH BrCHjv^ yCHaBr 

c c 

HOCH2/ N^HjOH BrCHj/ ^CHjBr 

BrCHjs^ yCHjBr ^COjCjHs 

CHj -I- C -f CHj 

BrCHj/ '^CH^Br ^COsCjHs 


NaOC^Hfi 
-^ 


CjHiOjC^^ yCH2^^ ^C02C2H6 

C C C - > 

CsHiOsC^ NdOjCiHs 

yCOiH ^ 

C C C 

H02C-^ \cO 2 H 

^COsH 

c c 

HOjC"^ 


Methods were also devised by Perkin for the synthesis of cyclic acids 
in which the carboxyl groups were situated on different carbons. The 
following examples will suffice to show the broad scop)e of these methods. 

* The acid was prepared by Feoht [B«r., 40, 3883 (1907)1 and resolved by Backer and 
Scburink [Veralag. Akad. WOenat^ppen Amsterdam, 87, 384 (1928)], 
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^CH(C02CjH8)2 
CHj + CHJ, 

'^CH(C02C2H6)2 


C(C02C2H6)2 

—- 
C(C02C2H6)2 


C(C02H)2 

CH2<^CH2 

C(COjH)2 


^CH(C02C2H6)2 
CHj CHjBr 

I + I 

CH. CHiBr 

N:H(C02C2H5)2 


C(COaH)2 


CHs CHj 


CHs CHa 

\/ 

C(C02H)2 


CHC 02 H 
^ CH2<Q>CH2 
CHC 02 H 

CCCOaCjH,)* 

/\ 

CH2 CH2 

^ I I 

CH2 CH2 

\/ 

CCCOjCaHs)* 

CHCO2H 

/\ 

CHs CHs 

> I I 

CH2 CHs 

\/ 

CHCOsH 






The synthesis of norpinic acid by Kerr is a peculiar but very impor¬ 
tant example of this type of condensation. It involves the use of 
Guareschi's imide,*^ which is made from acetone, cyanoacetic ester, and 
ammonia.^ 

CN CN 

CHj. dlHsCOjR CHjv CO^ 

\C =0 + + NHs -» >C< >NH + 2 ROH + H2O 

CH3/ CH2CO2R CHj/ N::h—cq/ 


In the presence of sodium ethoxide the imide condenses with methylene 
iodide in the following fashion; 

CN CN 

25224 

CHj/ -CCK 

I 

CN CN 



•» Kerr, J. Am. Chem. Soc., 61, 614 (1929), 
**Guaree(^i, AlU. aemd, $ei. Torino^ 34, 928 (1890). 
** Kon and Thorpe, J, Chem. Soc.^ 115, 686 (1910). 
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Saponification of this cyclobutane derivative yields a tetracarboxyUc 
acid which when heated gives norpinic acid. 


CO2H 

I 

CHas^ yC^OaH CHav^ yCHCOjH 
C CHa -4 C ^CHa 
CHa^ ^C^COaH CHj^ '^CHCOaH 

I 

COjH 

Norpinic acid 


If a cycloalkanone is used in place of acetone this method leads to 
the formation of spirocycloalkane polybasic acids. Cyclopentanone will 
serve as an illustration.*® 


CN 

I 

CHa—CHa-^ yCH—COs^ 

C NH 

CHa—CHa^ \:H—CO^ 


COaH 

I 

CHa—CHa\^ ^C—COaH 
C ^CHa 

CHa—CHa^ ^C—COaH 


CN 


COaH 


Another method of ring closure developed by Perkin has already been 
mentioned (p. 68); it depend.s on the fact that compound.^ containing 
active methylene or methinyl groups may be caused to undergo a coup¬ 
ling reaction of the type illustrated in the preparation of a,a'-ciiaceto- 
succinic e.ster from acetoacetic ester. To accomplish this result the 
sodium derivative of the latter is treated with bromine or iodine. 


CHsCOCHCOaCaHs CHjCOCHCOaCaHs 


CHaCOCHCOaCjHj CHsCOCHCOaCaH, 


+ 2 NaI 


Applied to ethyl 1,1,4,4-butanetetracarboxylate, obtained from ethyl 
malonate and ethylene bromide or chloride, this method leads to the 
formation of the 1,2-cyclobutanedicarboxylic acid. 


** Paul, J. Indian Chem. Soc., 8, 717 (1931). 
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♦ CHs—CCCOsCsHs)* 


Na 

Na 

CH2—C(C 02 C 2 H 6 )j 


+ Era 


CHj—C(C 02 CsHB)a 


CHr-C(C02C2Hs)a 


CH!r-C(C02H)2 


CHj—C(C 02 H )2 


CHj-CHCOaH 

( I 

CH2—CHCO2H 


This method can also be used to effect a dimolecular condensation. 
Thus, von Pechmaiin ^ prepared ethyl cyclohexane-1,4-dione-2,3,5,G-tet- 
racarboxylate from ethyl acetonedicarboxylate in the following manner; 


CO 2 C 2 H 6 


CO2C2H5 


CO2C2H6 COjCaHs 


/CHNa I2 NaCH. 
CO< 

:iHNa I 2 NaCH^ 


I 

CO 2 C 2 H 6 


CO' 




CH- 


-CH. 




'■CH- 


>CO 

-ch/ 


CO2C2H5 


CO2C2H6 COaCaHs 


Cyclization by the Elimination of Hydrogen Halides. A molecule 
which contains an active hydrogen atom and a halogen atom suitably 
situated with respect to it can frequently be caused to form a ring by 
loss of a molecule of hydrogen halide. The second step of Perkin’s 
original method is an example of this: 


CH2CH(C02CaH6)2 

I 

CHsBr 


NaOCaHs 
-> 



C(C02C2H6) 


2 


Markownikoff and Krestownikoff’s early sjmthesis of 1,3-cyclobutane- 
dicarboxyUc acid (p. 67) apparently belongs in the same category. 

Similar to this is Perkin’s synthesis of 1,2-cyclopropanedicarboxylic 
acid from a-bromoglutaric ester by treatment with potassium hydroxide. 


/CHBrC02R 

CH2< 

NDH2CO2R 


/CHCO2H 
CH 2 < I 

N:hco2H 


This method has been employed in the preparation of a wide variety of 
derivatives of cyclopropane. 

A remarkable example of this type of cyclization is the conversion of 
neopentyl and neohexyl chlorides to 1,1-dimethylcyclopropane and 1,1,2- 
trimethylcyclopropane, respectively, under the influence of sodium; 


V. Peehmann and Wolmann, Ber., 30, 2569 (1807). 

•’“Whitmore, Popin, Bernstein, and Wilkins, J, Am, Chan. 8oc., 63, 124 (1941); Whit» 
more and Carney, j2>td., 63, 2633 (1941). 
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The condensation of phenylacetonitrile with polymethylene halides 
in the presence of sodamide furnishes a very useful method for the prepar 
ration of 1-phenyl-1-cycloalkanecarboxylic acids. 


yCHtX yCN 

(CHs)„ + Ch/ 

N:h,x 


NaNHj 


yCN 

^ (CHj)« c 

^CeHs 


(CH*)„ C 

\ch/ \ 


COjH 

C«H6 


This method has been used for three-, four-, five-, and sbc-membered 
rings 

A superior method of synthesis of the cyclobutane ring involves the 
action of sodium cyanide on a,a'-dibromoadipic esters.^' Apparently the 
i-bromonitrile is an intermediate product and the cyclobutane derivative 
is formed from it by loss of hydrogen bromide. 


C 02 CSH 5 

COjCjHs 

1 

COjCjHs 

1 

CHr—CHBr 

1 

NaCN CHjCHCN 

j 

-HB. ch^ccn 

CH*—CHBr 

1 

' CHzCHBr 

> \ 1 

CHs—CH 

1 

COjCaHs 

j 

COjC^Hs 

j 

CO 2 C 2 H 5 


Hydrolysis and decarboxylation of the cyanoester lead to the formation 
of 1,2-cyclobutanedicarboxylic acid. Rydon’s synthesis of norcaryo- 
phyllenic acid “ is based on this method. 

Thorpe's Reaction. Nitriles having an active hydrogen atom may 
undergo dimerization in the presence of sodium ethoxide. Thus, under 
these conditions cyanoacetic ester combines with itself in the following 
fashion; 

CjHsOjCCHj + NCCHgCOjCjHt ->• CzHsOjCCH—CCHjCOaCjHs 

I I II 

CN CN NH 

Applied to appropriate dinitriles this method leads to the formation of 

•Caw, ibid., 65. 2927 (1933); 86, 715 (1934). 

'"Eiuoniuid Kao, ibid., 61, 1536 (1929). 

® Rrdon> Chemittry db Induatry, 66 , 816 (1936). 
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cycloalkanone derivatives. Ethyl a,3-dicyanovalerate, for example, may 
be converted into a,a:'-eyclopentanonedicarboxylic acid. 


CHjCHjCN 

CHjCHCN 

1 

COjCallj 


/CN 

CHsCH/ 

^C=NH 

CHaCH^ 

^COaCaHs 


CHaCHCOaH 

^c=o 

CHaCHCOjH 


CHaCHa 

^CO 

CHaCHa 


This acid loses carbon dioxide to give cyclopentanone. 

This reaction has been used by Ziegler, Eberle, and Ohlinger ** with 
brilliant success in the synthesLs of very large rings. By the use of 
lithium amides it has been po.ssible to obtain rings having more than 
thirty members. The remarkable feature of this discovery is that it 
affords yields of as high as 85 per cent of the theoretical amount. At the 
present time this is by far the best procedure available for synthesizing 
large carbon rings. 



CHjCN 

CHaCN 


.CHa 

LiNRt ^ (CHalnC^ ^C=NH 
CHCN 


It is essential that these reactions be carried out at high dilution; this 
condition, it will be seen, favors the desired intramolecular condensation 
as opposed to the intermolecular combination. 

Dieckmann’s Acetoacetic Ester Method. The action of sodium on 
the esters of adipic and pimelic acids leads to the formation of five- and 
six-membered rings, respectively. 


CHjCHtCOsR 


1 ""1 "" 1 

CHjCHjCOjR CHjCHj C 


iHjCHjCOjR 
CHjCHjCOjR 

-> CUi 

XHaCHjCOiR 


CHjCHCOjR 
;CO 

HjCih 
CH2CHC0,R 

\ 

CH,CHs 


CHiCHCOjH 


CHjCHj 

1 

CHjCHj 


/CHjCHCOjH 
CHj^ 'bCO 


CHrfJH, 

,co 

^CHjCHj^ 


Since the initial condensation product is a /3-ketonic ester it can be con¬ 
verted, by hydrolysis and loss of carbon dioxide, into the correspionding 
cycloalkanone; this conversion to the cycloalkanone serves to establish 
the structure of the keto ester. Also, it may be alkylated and in (his 
way alkylcycloalkanones can be prepared. A general procedure for 
making 1,2-dialkylcycloalkanes depends on this method.** The second 

*• Ziemlei, Eberle, and Ohlinger, Ann., 604, 94 (1933). 

“ Cbiurdoglu, Bull, «ct. aead. roy. Belg., 17,1404 (1932). 
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aJkyl group is introduced by the use of the Grignard reagent; dehydra¬ 
tion and then hydrogenation complete the S 5 mthesi 8 . 


CHr-CHCO,C,Hi 

I ^ 

CHi—CH, 


R 

CH^( 


NaOCjHs 


CH2CHR 


CH,- 

CH,CR 


COsCsHi 

Ha 


CHr-CHR 




CHr-CHR 

I ^HR' 

CH,—CHa^ 


The acetoacetic ester method does not give three-membered rings. 
Succinic ester reacts with sodium to give succinosuccinic ester—a diketo- 
cyclohexane derivative. 


CHjCOjR 


ROjCCH, CH, 


CHj CHCOsR 

1 I 

ROiCCH CHj 

SuocinoBuccinio 

Mler 


Similarly, malonic ester is converted to a triketocyclohexane derivative; 
the structure of this product is established by the fact that the corre¬ 
sponding free acid loses carbon dioxide to give phloroglucinol. 


!/Hj—CO 2 R 


CO,R 

RO,c— <!;h. 


CH 1 CO 2 R 

iojR 


ROjCCH (inCOaR 


OH 

Pblorogluoinol 


A very remarkable closure of a four-membered ring was effected by 
Perkin and Thorpe “ by use of this method. 

CsHsOjC—C-CHCO*CjH» CjHtOzC—C—CHCOjC2H6 

(CH,),C<(| (CH,)2C<^| I 

C*H60*O-gH CO 2 C 2 H, CjHsOjC-^CO 


CjHtOzC—C—CHC02C2H6 
(CH,)2C<^| I 
C 2 H 6 O 2 C—C—CO 


This reaction has attracted much attention, not only because of the 
unusual structure of the product, but also because it is one of the few 
known cases in which the acetoacetic ester condensation takes place on 
n carbon atom which holds only one hydrogen atom. 

^ Perkin «id Thorpe, J. Ckem. Soe., 79, 736 (1901). 
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When sodium triphenylmethyl is used as the catalyst in place of 
sodium ethoxide, this type of reaction occurs readily. An example is the 
formation of ethyl isobutyrylisobutyrate from ethyl isobutyrate. 


CH, CHs CHs 

2 CHC 02 C,Hb CHCOCCOsCjHb + CjHbOH 


CH, 


CH, CH, 


The keto ester forms an enolate with sodium triphenylmethyl which with 
isobutyryl chloride gives ethyl 2,2,4,4.6-pentamethyl-3,5-diketoheptano- 
ate. The latter undergoes cyclization under the influence of sodium 
triphenylmethyl, yielding hexamethylphloroglucinol.^ 

CO 

CH, CH, CH, CH,CH, / \ 

1 I (C,H,)K:Na ILL (CH.),C C(CH,), 

CHCoccoCaH, - LL . > 6 hcoccocco,c,h, I I 

I I (CH,),CHCOCf 111 Co Co 

Ch, Ch, CH, Ch,Ch, \ / 

C(CH,), 


A useful extension of Dieckmann’s method involves the condensation 
of oxalic ester with other e.sters of dibasic acids. In the case of glutaric 
esters the product is 1,2-cyclopentanedione. 


CO,R CHjCOjR CO—CHCOxR 

+ ^H, I ^CHs 

CO2R CH2CO2R CO—CHCOsR 


CO—CH,,^ 

CH, 

CO—CHi'^ 


It was this special method w'hich enabled Komppa to synthesize cam¬ 
phoric acid and thus to establish conclusively the structure of camphor. 
The steps in this celebrated synthesis are as follows: 

CH, 


RO3C—CH, CO,R RO2C—CH—CO RO,C—C CO 


1 

1 

CH,r 1 

(CH,),C + 

— (CH,),C 

1 

-(CH,),C 

1 


RO,C—CH, CO,R RO,C—CH—CO RO,C—CH—CO 

CH, 

I 

HO,C—C-CH, 

CH,-^CH. 

1 

HO,C—CH-CH, 

Camphoric acid 


^ Hudson and Hauser, J* Am» Chem. Soc., 91, 3567 (1939)* 
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• Another group of syntheses of this general type depends on the 
Michael condensation; it may be illustrated by the preparation of 
dimethyldihydroresorcinol from mesityl oxide and malonic ester.^^ 


CHjK y-CO^R. 

>O=CHC 0 CH, + CH< 

CH,/ X)OsR 


CH3\ 




CH, 




ROsC 


CH 

i/\, 


co- 

I 

CHs 


COsR 

CHj 


yc CO 

CH,/ I I 

RO2C—CH CH, 

^co/^ 


CH,. 

>C CO 

/ I I 


CH; 


CH, 




CH, 


■CO' 

DimethyldihydroreeioTciDol 


Cyclodehydration. Condensations of the aldol type involving loss of 
water have been widely used in the synthesis of ring compounds. Thus, 
2,7-octanedione is converted by the action of sulfuric acid into a cyclo- 
pentene derivative.** 

yCHjCOCH, yC^COCH, 

CH, COCH, CH, CCH, 

II -*11 

CHr—CH, CHr-CH, 


Similarly, 3,6-octanedione yields a cyclopentenone when treated with 
10 per cent potas-sium hydroxide solution.** 


CH3CH2CO CH2CH3 


I /CO 
CHjCH,/ 


CH3CH2C==CCH3 

> yco 

CH,—CH, 


It is to be noted that in both these examples the course of the reaction 
is determined by the size of the ring formed; the formation of a five- 
membered ring is favored over that of a three- or a seven-membered ring. 
Similarly, Kipping and Perkin found that the six-membered ring forms 
in preference to the eight-membered ring, as shown by the fact that 
2,8-nonanedione gives exclusively a cyclohexene derivative. 


CH, CHsCOCHs 


^CH,^ 

CH, CCOCH, 


CH, COCH, CH, CCH, 


Vorlinder and Erig, Ann., >94, 314 (1897). 

M Macnlu^ and Perlcin, J. Chem. ISoc.. 07, 241 (1890). 
M BUUe, Compt. rend.. U8. 708 (1914). 
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Alkylidene derivatives resulting from the use of Knoevenagel’s 
method are capable of internal condensations leading to the formation 
of rings. The u>se of aldehydes and acetoacetic ester, for example, leads 
to the formation of cyclohexenone derivatives. 


CH3COCH2CO2R 

RCHO 

CH3COCH2CO2R 


(CjHb)iNH 
-> 


CH3COCHCO2R CHjC-CHCO2R 

\ /• \ 

CHR -» CH CHR 

/ \ / 

CH3COCHCO2R CO-CHCChR 


Another type of ring closure is represented by the condensation of 
succinic dialdehyde, methylamine, and malonic acid in the following 
manner: “ 


CH2CHO CHjfCOjH)* 
CH2(C02H)2 
CH2CHO H2NCH3 


CH2—CHCHiCOjH 
^C(C02H)2 
CH2-CHNHCH3 


The Grignard Method (p. 495). Certain halogen compounds form 
Grignard reagents which condense internally to give ring structures. 
Thus, 6-iodo-2-hexanone reacts with magnesium to give 1-methylcyclo- 
pentanol. A Grignard reagent is formulated as an intermediate.” 


CH3CO 

/ 

CHs CH2I 

I I 

CH2—CH2 


CH3CO 

/ 

CH2 CHjMgl 
+ Mg I I 

CH2—CH2 


CHs—C—OH 

/\ 
CHj CH2 

I I 

CHj—CH2 


Similarly, pentamethylene bromide when treated with magnesium and 
then with carbon dioxide gives, in addition to pimehc acid, a small yield 
of cyclohexanone.” 


^CHsBr ^CHjMgBr 

CHa CH2 

I + 2 Mg-^ I 

CH2 CHsBr CH2 CHzMgBr 

CHs COzMgBr CHa CO 

I —» I I 

CHs CHsMgBr CH* CH* 


COi 
-> 


Mannich and Budde, Arch. Pharm., 270, 283 (1932). 
« ZeUnsky and Moser, Ser., 35, 2684 (1902). 

•* Grignard and Vignon, Compt. rend., 144, 1368 (1907). 
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Pyrolysis of Pyrazolines. Pyrazolines are unstable toward heat and 
decompose to give cyclopropane derivatives. 



a,/3-Unsaturated ketones and aldehydes yield pyrazolines when treated 
with hydrazine and can be converted by this method into the correspond¬ 
ing cyclopropane derivatives. Thus, cinnamic aldehyde gives phenylcy- 
clopropane, and mesityl oxide yields 1,1,2-trimethyl cyclopropane. 

j. jj /NH—N /CH* 

C6H6CH=CHCH0 —^ CeHsCHC; || C.H6CH< ( 

X]H2—CH 

PbenyleyoIopropaDe 

CH, CH, NH—N CH, CH, 

^=CHCOCH, 

CH, CH, CHr-CCH, CH, CHCH, 

1.1 .Z-Ttimetbyloyolopropane 



A classical example of this type of reaction is 
pulegone into carane.“ 

Kishner’s conversion 

CHs 

CH, 

CH, 

j 

/CH\ 

j 

/CH\ 

J 

/CH\ 

CT, CH, 

1 1 - > 

CH, CH, 

1 1 -> 

CH, CH, 

1 1 

CH, CO 

CH, C^ 

\ch/\ 

CH, CH 

\c/ 

\:h/ '^ccch,), 

11 

/\ 

CH, CH, 

Pulegoae 

1 1 
- NH 

CH, CH, 

Cwuw 


Alkyl pyrazolinecarboxylates are readily made by the action of di¬ 
azomethane on unsaturated esters such as those of maleic, fumaric, and 
erotonie adds. It is interesting to note that maleic and fumaric esters 

**KiaIiiier aitd Zaradbrsky, /. Rmt. Pkys. Chem. Soe., 43, 1132 (1911). 
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give the same p.yrazoline; from these esters alkyl 1,2-cyclopropanedi- 
carboxylates are made. 


00211 CO 2 R- 



CHCO 2 R 

^CHj 

CHCO 2 R 


C02R CO 2 R 


Thermal decomposition of the simple pyrazoline derivatives usually 
gives alkyl alkenecarboxylates as the main product; the more complex 
esters generally afford a preponderance of alkyl cyclopropanecarbox- 
ylates. Mixtures of the two types of products are often formed; the 
following illustrates this behavior: “ 

CHaCHv 

1 \N CHjCH 

CHsCH /X CH» CH3CH2C==CC02CH, 

I I / X/ and I I 

CIIjC-N CHaCH-C—COjCH, CHs OH, 

I 

COtCHs 


Diazoacetic ester has been used in a similar fashion. For example, 
hoDiocaronic acid was prepared by the action of the diazo ester on ethyl 
4-methyl-3-pentenoate.“ 


CHs 

\ 

C=CHCH 2 C 02 C 2 Hs + N2CHCO2C2H6 

/ 

CH 3 

Ethyl di&soacetate 


CHs CHCOsH 

\X 

c 

/\ 

CHs CHCHsCCbH 

Homocaronic acid 


A by-product in this reaction is 1,2,3,4-cyclobutanetetracarboxylic acid, 
obviously derived from four molecules of the diazo ester. The analogous 
1,2,3-cyclopropanetricarboxylio acid results when maleic ester is used. 


HO2CCH—CHCO2H 

i I 

HO2CCH—CHCOjH 

1,2,3,4-CyolobutanetQtra* 
carboxylic acid 


/CHCOjH 
HOsCCH/ I 

X^HCOsH 


1 »2,3-Cyclopropane- 
thcarboxyuo acid 


As a side light on the influence of substituents on stability it may be 
pointed out that carboxyl groups, when situated on different carbon 

** V. Auwers and Kdnis, Ann., 496, 262 (1932). 

Owen and Simonaen, J- Chem. Soc.. 1226 (1933). 
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atoms of these small rings, greatyl enhance the stability. The conversion 
of ethylenic compounds into cyclopropane derivatives by the diazoacetic 
ester method is very general. Biichner has shown that even aromatic 
rings are attacked. Benzene is transformed in the following fashion; 

^CHv^ ^CH\ 

CH CH CH CH. 

I II + NsCHCOJl I I >CHCO*R 

CH CH CH CH/ 

^ch/^ ^ch/^ 

Oxidation converts the above product into 1,2,3-cyclopropanetricar- 
boxylic acid. 


METHODS OP RING EXPANSION AND CONTRACTION 


Many reactions of alicyclic compounds produce a change in the size 
of the ring. These are of particular interest from the standpoint of the 
strain theory, which carries the implication that such transformations 
have as their driving force a diminution of ring tension. In support 
of this may be cited numerous examples of expansion of the smaller 
(strained) rings and of contraction of large rings, and it was believed 
that these constitute strong evidence for the soundness of Baeyer’s origi¬ 
nal theory. However, a more careful study of such changes has showm 
that they cannot be correlated in any simple way with the strain which 
the rings are supposed to prossess. Some examples will serve to indicate 
the difficulties involved. 

The Demjanow Rearrangement. The action of nitrous acid on cyclo- 
alkylmethylamines is a general method for ring expansion. Cyclobutyl- 
methylamine will illustrate the behavior of this class of amines. In 
general, four products are obtained; in this instance they are cyclopen- 
tanol, cyclopjentene, cyclobutylcarbinol, and raethylenecyclobutane. 


CH2—CHCHjNH* HNOt 

I I -> 

CHs-CHj 


r CHj—CHCHjOH 

I i 

CHk—CH j 

Cyclobutyl- 

carbmol 



Cydlopentanol 


CHr-C=CH2 

I I 

CH*—CH2 

Mothylenecyclo- 

butane 


CHr-CH^ 
CHj—CHa^^^ 

Cyolopenteoe 


The three-, five-, six-, and ei^t-membered rings have also been trans¬ 
formed in this way. Obviously, ring strain is not the primary cause of 
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this change, for it proceeds with especial readiness in the case of cyclo- 
hexyhnethylamine (60 per cent 3 deld). Also, Ruzicka has shown that 
the rearrangement from the cyclooctyl to the cyclononyl ring gives a 
20 per cent yield of cyclononanol; here the rearrangement can hardly be 
ascribed to strain alone. 

Equally difficult to correlate with the strain theory is the ring con¬ 
traction which cyclobutylamines undergo when treated with nitrous acid. 
In addition to the normal cyclobutanol some cyclopropylcarbinol results. 

CHj—CHNHj „„„ CHi-CHOH CHjOH 

I I -^1 I and I X I 
CHj—CHi CHj—CHj CHj— 


The cyclobutylamines derived from truxinic and truxillic acids undergo 
a similar change.“ 


HOjCCH—CHC sHb 


CbHbCH-CHNH 



HOjCCH-€HNH2 


CbHbCH—CHCjHb 


HOsCCH--CH 

I /I 

CbHbCH/ CH{0H)C6Hs 


The Pinacol-Pinacolone Rearrangement (p. 971). The rearrange¬ 
ment of cyclic pinacols has been shown by Meerwein to obey the general 
rules knowmto hold for acyclic pinacols. Attention is directed to the fol¬ 


lowing examples: 

OH OH 
CHoCHzy I I / 

I >— 


yCH, 


CHjCHj'' 


N::h» 


CH 2 CH 2 

CH2<^ ^0 

CH2C(CHs)2 


OH OH 

/CH 2 CH 2 V I I /CH, 

CH2< >C-C< 

N:h2CH2/ x:h, 



CH!CH2C0\ 

I >C(CH,), 

CHjCHjCHJ 


The fact that expansion of the cyclohexane ring is less complete than 
that of the cyclopentane ring in these cases may be an indication that a 
resistance is encountered in the former which is not present in the latter. 
This accords with the strain theory in its original form. 

•• Btoermer, Sohenck, and Panaegrau, Ber., WB, 2666 (1927), 
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A number of transformations have been observed which appear to be 
closely related to the pinacol-pinaoolone rearrangement. Many of these 
involve a change of a six- to a five-membered ring, and so serve to com¬ 
plicate the problem of correlating such changes with ring size. Treat¬ 
ment with silver nitrate converts l-methyI-2-iodocyclohexanol into 
cyclopentyl methyl ketone. However, the primary product is 2-methyl- 
cyclohexanone.®’ 


CH^ C 


j CHCOCH, and CHj 

CHsCHi^ 


CO 


Cyclopentyl methyl 2-Methylcyclohexa- 

ketone none 

(10 per cent) (90 per cent) 


Similarly, cyclohexene oxide, when treated with magnesium bromide in 
ether solution, is converted into cyclopentanealdehyde. 


CH, CH\ 

I ! > 

CH, CH/ 


CH,^—CH,v 

1 >CHCH0 

CH,-CH,/ 

Cyclopes tanealdekyde 


However, under the same conditions cyclopen tene oxide does not yield 
a cyclobutane derivative, but rearranges to cyclopentanone.®* 

The Wagner Rearrangement (p. 1019). The dehydration of cyclic 

I 

alcohols containing the C—C—C(OH) grouping may produce either ex- 

c/ I 


pansion or contraction of the ring, as shown by the following examples 
(Meerwein): 


yCHjCHsCHOH 


CH< 


N3H,CH,C(CH,)2 


I 

< H,CH,CCH, 

II 

HsCHiiCCH, 

T _ 




H(OH)CH» 

H, 


Compt. rend.,l»5. 1284 (1932). 

** Ctemo 00x1 Oimston, J. Chan. Soc., 362 (1033). 
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Wallach's Degradation Method. Cyclohexanones can be converted 
to the corresponding cyclopentanones by the method of Wallach, which 
involves the treatment of the dibromocyclohexanone with alkali. The 
1-hydroxycyclopentanecarboxylic acid is always an intermediate. 



dibromo 

derivative 


CHsCHjv /COjH 


CHsCH,/ ^OH 



Favorski reported a similar result with a-chlorocyclohexanones, which are 
converted by alkali into cyclopentanecarboxylic acids. 

/CHjCHCl CHz—CHi. 

CH< ~";?CO I >CHC 02 H 

^CHjCH/ CHz—CHj/ 


The Diazomethane Method. Diazomethane is capable of reacting 
with aldehydes and ketones in such a manner as to produce the higher 
homologs. Mosettig and Burger applied this method to cycloalkar 
nones and found that cyclohexanone gave a mixture of cycloheptanone 
and cyclodctanone of which the former was the principal product. From 
cyclopentanone the chief product was cycloheptanone. More recently * 
the method has been adapted to large-scale operation by introducing 
nitrosomethylurethan at a suitable rate into a solution of a cyclic ketone 
in an alcohol which contains some alkaline catalyst. The chief reactions 
in the case of cyclohexanone may be represented by the following equa¬ 
tions, although the actual intermediate is not necessarily diazomethane. 


CjHsOCONCNOCHj + ROH CjHtOCOjR -|- CHjNi + H,0 




CHjCH: 






CHjCHjCHs. 

I >CO + N, 

CHiCHjCH/ 


CHj CO 


+ CHsN, 

CHs C-CH» - 1 - N» 


The ratio of ketone to oxide is in general about four to one. 

^ Mosettig and Burger, J. Am. Chm. Soc., 62, 3456 (1930); see also Robinson and 
Smith, J. Chem. Soc., 371 (1937), and Qiraitis and Bullock, J. Am. Chem. Soc., 69, 961 
(1937). 

“ Moerwein, Chem. ZerUr., 104, 11, 1758 (1933) (German pat. 679,309). 
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With this method the yield of ketone falls from 63 per cent in the 
preparation of cycloheptanone to 45 per cent for the octanone and to 
about 20 per cent for the nonanone and deoanone.” In this range the 
diazomethane method seems to be superior to ail others for the synthesis 
of cyclic ketones. 

It has been reported that the yields increase with higher members so 
that in the range of the cyclopentadecanone the method is again to be 
preferred. 

The reaction does not, of course, stop when one methylene group has 
been introduced and therefore yields a mixture of ketones. This is 
illustrated by the action of diazomethane on ketene (cycloethanone). 

In an attempt to use this method in the preparation of cyclopropa^ 
none by treating ketene (cycloethanone) with diazomcthane it was found 
that the chief product was cyclobutanone; presumably the cyclopropa- 
none is an intermediate.”’ “ By using an excess of ketene with diazo¬ 
methane it was possible to isolate the hydrate and some hemiacetals of 
cyclopropanone. 

In addition to the foregoing examples of ring expansion and contrac¬ 
tion may be mentioned the conversion of the cyclopropyl- and cyclo- 
butylcarbinols to cyclobutyl and cyclopentyl bromide, respectively, by 
the action of hydrogen bromide; the rearrangement of cyclopentyl 
nitrite to 1-methylnitrocyclobutane under the influence of alkali; the 
formation of methylcyclopentane by the reduction of benzene with hy¬ 
drogen iodide at 300°; the transformation of carbazole into 3,3'-di- 
methyldicyclopentyl by the action of hydrogen iodide; ” the reversible 
formation of methylcyclopentane from cyclohexane in the presence of 
moist aluminum chloride; and the transformation of pinene into bornyl 
chloride under the influence of hydrogen chloride. 

As has been stated, the foregoing transformation.s lend themselves to 
no simple explanation such as that offered by Baeyer. Indeed, most of 
them find their counterpart in the reactions of open-chain compounds 
in which strain in the Baeyer sense cannot be involved. It appears at 
present that the small rings are indeed strained; but it is equally evident 
that strain is not always the controlling factor and that frequently it is 
entirely obscured by other influences. 

Kohler, Tishler, Potter, Bnd Thompson, J. Am, Chem. Soc,, 61, 1057 (1039). 
liipp, Buohkromer, and Beeles, Ann., 499, 1 (1932). 

" Lipp and Khster. Ber., 64B, 2823 (1931). 

M Sdunidt and Sigwart, Ber., 46, 1779 (1912). 
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METHODS OF OPENING RINGS 

Alicyclic rings in general exhibit a stability toward heat and reagents 
which is comparable to that of the corresponding open-chain compounds. 
Only in cyclopropane and its derivatives, and, to a far less degree, cyclo¬ 
butane and its derivatives, is there any marked instability. Even so, the 
stability of related compounds is exceedingly variable. Consequently, 
for a proper appreciation of the chemical behavior of the three- and four- 
membered ring systems it is necessary to examine their properties in 
some detail. 

Cleavage of the Cyclopropane Ring. The close resemblance in chem¬ 
ical behavior of cyclopropane and its derivatives to the corresponding 
olefinic compounds has already been mentioned. This point of view 
offers the most helpful approach to an appreciation of the manner in 
which the cyclopropane ring is opened by heat and by reagents. Cyclo¬ 
propane and its derivatives are Jinstable toward heat, which converts 
them to the corresponding propylene derivatives. Cyclopropane is read¬ 
ily reduced to propane by the action of hydrogen in the presence of 
colloidal palladium in acetic acid solution; under the same conditions 
ethylene is reduced somewhat more rapidly. Hydrogen iodide adds 
readily to cyclopropane to give n-propyl iodide. Under these conditions 
propylene gives principally isopropyl iodide. 

CHj—CHj + HI CHjCHzCHsI 

\/ 

CHj 

CHsCH=CHj + HI CHjCHICHs 

Bromine adds to cyclopropane just as it does to propylene, but the reac¬ 
tion is slower and the product is the 1,3-dibromide instead of propylene 
bromide. 

CHr-CHj + Br, -> CHjBr CHjBr 

\/ \/ 

CH, CHs 

CH 3 CH=CHj -I- Brj CHsCHBrCHiBr 

Whereas cyclopropane in these reactions is almost as unsaturated as 
propylene, it differs notably from the latter in being stable toward per¬ 
manganate and ozone. 

The ease with which the ring opens, i.e., the ease with which addi¬ 
tion takes place, is greatly affected by the nature and position of sub¬ 
stituents. Alkyl groups seem to decrease the stability of the ring. Car¬ 
boxyl groups, on the other hand, seem to stabilize the ring, and this 
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rffect, as has already been noted (p. 95), is the more marked if these 
groups are on different carbon atoms. 

Although the influence of substituents on the ease of addition cannot 
as jet be interpreted in any helpful way, the effect of substituents on the 
mode of addition is predictable on the basis of the rule of Markownikoff 
(p. 638). The problem has been carefully examined by Kohler and 
Conant,*® who state that substituents have exactly the same influence 
upon the mode of addition to a cyclopropane ring as to an ethylenic 
linkage, even though the resulting saturated derivatives in the two in¬ 
stances differ radically in structure. For example, the manner in which 
hydrogen bromide adds to cyclopropane hydrocarbons is governed by 
the number and disposition of the alkyl groups. The ring invariably 
opens between the carbon atoms that hold the largest and the smallest 
number of alkyl groups, and the principal product is always one in which 
the halogen is combined with the carbon atom that holds the largest 
number of alkyl groups. 

The addition of hydrogen bromide to cyclopropane acids leads to 
the formation of y-bromo acids or the corresponding lactones. The 
ketones behave in a similar manner. Cyclopropanecarboxylic acid and 
benzoylcyclopropane are examples of this sort; with hydrogen bromide 
they react as follows: 

CHj—CHCOiH -i- HBr CHjBr CHjCOsH 

X/ \/ 

CHj CHj 

CHj—CHCOCsHs + HBr ->■ CH2Br GHjCOCeHs 

\/ \/ 

CHj CHj 

Similarly, ethyl 1,1-cyclopropanedicarboxylate undergoes the Michael 
reaction with ethyl malonate to give ethyl 1,1,4,4-butanetetracar- 
boxylate.** 

CH,—C—COsCsHs NaOC,H, CH2CH(C02 CjH5)2 

\/ \ -h GHjCCOsC^Hs), -XV I 

CHj COjCjHs CHzCHCCOsCjHs)* 

These facts justify the conclusion that there is no fundamental difference 

between corresponding derivatives of ethylene and cyclopropane, and 
I I I 

that the structure —C—C—O“0 behaves like a conjugated system. 

\/ 

C 

/N 

and Conant, J. Am. Chem. 5oc-, 99, 1404 (1017). 

^ Bono #iid PerVin, J. Chem. Soc.^ 97, lOS (1805). 
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Cleavage of the Cyclobutane Ring. Cyclobutane is transformed into 
butane by catalytic hydrogenation at 120°, thus requiring somewhat 
more drastic treatment than cyclopropane which passes into propane 
under these conditions at 80°. On the other hand, cyclopentane is 
opened by catalytic hydrogenation only at 300°.*^ From the standpoint 
of the tendency to absorb hydrogen in the presence of a catalyst the 
simple cycloalkanes fall in the order ethylene > cyclopropane > cyclo¬ 
butane > cyclopentane; this is, of course, in complete harmony with 
the requirements of strain theory. 

The type of rupture of this ring which is most frequently observed is 
a dissociation into two molecules of olefinic character. This was noted 
with respect to truxinic and truxillic acids which dissociate under the 
influence of heat to give cinnamic acid (p. 75). 

When 1,2-dibromocyclobutane is heated with potassium hydroxide, 
acetylene is produced. 


CH,CHBr koh 
CH sCHBr 


HCfeCH 

HCsCH 


THE CYCLOALKANES 

Saturated alicyclic hydrocarbons have usually been made by reduc¬ 
tion of the corresponding ketones and diketones. Special methods, how¬ 
ever, have been necessary in .some instances, such as that for cyclopro¬ 
pane, which has already been discussed.* Cyclobutane is made by 
hydrogenation of cyclobutene in the pre.sence of nickel at 100°. This 
process must be carefully controlled since at higher temperatures butane 
is formed. Cyclopentane, cyclohexane, and cycloheptane are found in 
petroleum. An interesting synthesis of cyclodecane has been worked out 
which involves the ozonization of octahydronaphthalene and reduction 
of the resulting diketone.*” 

CH* C CH, CH, CH, 

I 11 1-^1 1 -♦ (CH,)4 (CHj)4 

CH, C CH, CH, CH, / 

'Vh,/ ^H,C0CH,/ 

The following table gives the boiling points, melting points, and heats 

Zelinsky, Kaiansky, and Plate, Ber*, 6ttB, 1416 (1933). 

* Cyclopropane attracted mxich attention because of its value as a general anesthetic 

Hlickcl, Gercke, and Gross, Ber., Q6B, 663 (1933). 
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of combustion of a representative group of cycloalkanes. The last column 
gives for comparison the boDing points of the corresponding parafl^. 

CYCLOALKANES 



Heat of 
Combustion 
per CHj 
(Cal.) j 

Melting 

Point 

Boiling Point 

Name 

Cycloalkanes 

i 

ParafiSns 

Ethylene (cycloethane).... 

170 


-103.9“ 

-84.1° 

Cyclopropane. 

168.5 


-35 

-44.5 

Cyclobutane. 

165.5 


+ 12 

- 0.1 

Cyclopentane. 

159 


49 

+36.2 

Cyclohexane. 

158 

i +7° 

81 

68.9 

Cycloheptane. 

158 

-12 

117 

98.8 

Cyclobctane. 


+ 11 5 

148 

125.8 

Cyclodecane (CioHai). 

158.6 

9 6 

201 

173 

Cyclododecanc (CiaHa^)... 


61 



Cyclotetradecane (CuHj^). 


53 



Cyclopentadecane (Ci 6 H.iu) 

157 

37 



Cyclohexadecane (CieHsj). 


57 



Cycloheptadecane (C 17 H 34 ) 

157 

63 



Cyclodocoeane (C 22 H 44 ). . 


46 



Cyclotetracosane (C 24 H 48 ). 


47 



Cyclohexacosane (CjsHjj) . 


42 



Cyclodctacosane (CjsHm) .. 


48 



CJyclotriacontane (CsoHeo). 

156 

56 




It is clear that the values given for the energy content of the cyclo¬ 
paraffins fully support the modem interpretation of the strain theory, 
which holds that all the rings of more than four members are practically 
without strain. They furnish no evidence of strain in cyclohexane and 
cycloheptane which, according to Baeyer, should possess negative strain. 
Moreover, the heats of combustion of large rings, varying in size from 
eight to thirty members, are now known, and, although the accuracy of 
the measurements leaves much to be desired, it is evident that the values 
of the heat of combustion of a CH 2 group in these rings agree throughout 
with the corresponding values for the aliphatic compounds and the 
homologous cyclopentanes and cyclohexanes.®" 

The parachors as well as the compressibilities of the cycloalkanes 
have been measured, and it has been shown that these properties, like 
stainlity, molecular refractivity, molecular volume, specific gravity, 

<* Roxicka and Sohl&pfer, HAv. Chim. Ada, 16, 162 (1933). 
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melting point, and x-ray structure (p. 1762) —abnormal for the lower 
members—become “normal” for the compounds with the larger rings.’® 

THE CYCLOALKANONES 

Cyclopropanone is known only in the form of its hydrate and alcohol- 
ates."“ Efforts to synthesize this ketone have already been noted 
(p. 100). Also, treatment of dibromoacetone with sodium amalgam gives 
1,4-cyclohexanedione instead of cyclopropanone. 

/CHjBr /CHr-CHa-. 

2 CO CO CO 

^CHaBr '^CHa—CHj/ 

By the action of ethyl diazoacetate on ketene, Staudinger prepared a 
compound which appears to be the enol form of a derivative of cyclo¬ 
propanone. 

CH2=C=0 + NaCHCOaCaHn -4 CHa 

I 

COaCaHft 

Cyclobutanone has been made by the oxidation of cyclobutanol and 
also by treating l-bromocyclobutanccarboxamide with bromine in potas¬ 
sium hydroxide. Its synthesis from ketene by the action of diazomethane 
has already been mentioned (p. 100). 

The higher cycloalkanones have usually been prepared by direct cycli- 
zation by reactions Avhich were discussed under methods of ring closure. 

Cyclopentadecanone is of especial interest on account of its musk¬ 
like odor; it is sold as a perfume under the name “exaltone.” It is similar 
in structure to the odoriferous principles of naturally occurring civet and 
musk. The former contains civetone and the latter muscone. Ruzicka’s 

(CH*)i2—CO 

I I 

CH,—CH——CHj 

Muscone 

establishment of the structures of these two naturally occurring alicyclio 
compounds is one of the most significant achievements in this field, 

Hiusicka, Boekonoogen, and £delmann, ibid., 16, 487 (1933). 


CH—(CH2)7V 

II >0 

CH—(CHs),/ 

Civetone 
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CYCLOALKANONES 


Name 

Formula 

Melting 

Point 

Boiling Point 

Cy clobutanone. 

CHr-CO 

in*—in, 


98.6-99“ 

Cyclopentanone. 

CH,CH^ 

Ah^b> 


130-130.6 

Cyclohexanone. 

/CHiCHr. 

CHjC ^0 


155.4 

Cycloheptanone. 

/CH^ 

. i 

179-181 



42° 

74 (12 mm.) 


Cyclononanone. 

CHj—CCHj),-. 

Ah^(CH.).> 


93-95 (12 mm.) 

Cyclodccanone. 

1 

CH<™> 

29 

100 (12 mm.) 

Cyclododecanone..., 

/(CH,).. 

CH< >CO 

69 

125 (12 mm.) 

Cyclotetradecanone,.. 

/(CHj)*-. 

CH< >CO 

53 

155 (12 mm.) 

Cyclopentadecanone.. 

CH*— 

Ah^,ch.,>° 

! 

; 63 

1 

120 (0.3 mm.) 

Cyclohexadecanone.. . 

CH< 

64 

138 (0.3 mm.) 

OyclofloflanoTift. 

CH< }CO 

\(CH*)/ 

59 

170-171 (0.3 mm.) 


CycJodocosanone 

CH< >CO 

^(CHOkT 

32 




Cydo&ctacosanone.... 

CH< >CO 

64 

1 
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for it dispelled the fallacy that large rings were incapable of existence, 
and opened up an entirely new field of investigation. This work con¬ 
stitutes a remarkable instance of the great theoretical and practical devel¬ 
opments which frequently grow out of the study of natural products. 

The chemical properties of the cycloalkanones are, in general, similar 
to those of open-chain ketones. The lower members of the cyclic series, 
however, are much more reactive toward typical ketone reagents than 
are the corresponding members of the open-chain group. Thus, whereas, 
in general, only methyl ketones will form bisulfite addition compounds, 
this reaction is observed for all the cycloalkanones up to and including 
cyclooctanone. Cyclooctanone can be separated from cyclononanone by 
making use of this difference. It must be supposed that, in the smaller 
rings, the ring form leaves the carbonyl group more exposed to the attack 
of reagents than in the open-chain forms or the very large rings. 

A reaction which is of great interest is the oxidation of cycloalkanones 
to the corresponding lactones by the use of Caro’s acid. 


(CHj) 



/CHj—C=0 

(CH,)„<; 1 

NDHr-O 


The reaction was discovered by Baeyer and Villiger,’' and has proved 
to be very general. In this way, the lactones in which n = 10,11,12,13, 
and 14 have been obtained in yields of about 50 per cent of the theoretical 
amount.” 

The table on page 106 gives the boiling points and melting points 
of a number of the cycloalkanones. 


THE CYCLOALKANOLS AND CYCLOALKANEDIOLS 


Cyclopropanol is not known; efforts to prepare it invariably lead to 
the formation of the isomeric open-chain compound, allyl alcohol.” 
Thus, this alcohol is produced when nitrous acid is allowed to react with 
cyclopropylamine. 



HNHs 


CH^=CHCH^OH 


It should be pointed out that this is a Demjanow rearrangement in which 
a two-membered ring is derived from a three-membered ring. Cyclo¬ 
butanol, the synthesis of which has already been mentioned (p. 97), is, 

Baeyer and VUliger, Ber.. M, 3626 (1899); 88, 862 (1900). 

Ruaicka and StoU, HAv. Chim. Acta^ 11, 1159 (1928). 

Hurd and Pilgrim, J, Am. Chem. 5oc., 55, 1195 (1933). 
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however, a relatively stable substance and resembles n-butyl alcohol 
very closely in its chemical and physical properties. 

Cyclohexanol is the only cycloalkanol which is available in commer¬ 
cial quantities. It is made by catalytic hydrogenation of phenol in the 
presence of nickel at about 170°. It gives the usual reactions of second¬ 
ary alcohols. Gentle oxidation converts it into cyclohexanone, and 
vigorous treatment gives adipic acid. 

The 1,2-Cycloalkanediols. The l,2-cycloaIkanediol8 are of especial 
interest because of their behavior toward boric acid and acetone. Boese- 
ken has foimd that certain polyols, when introduced into a solution of 
boric acid, enhance its conductivity. This effect is ascribed to the forma¬ 
tion of addition complexes. These complexes are formulated as boro- 
spiranic acids, of which the anions are borospirans of the following type: 

■ X^— /G—C< ■ - 

s I /K I . 

L>c-o/ N)-C<J 

Apparently such complexes form only when the polyol molecule holds 
two hydroxyl groups which are close together. This criterion of the prox¬ 
imity of hydroxyl groups in glycols has given rise to numerous experi¬ 
ments, the results of which seem to support the theory that the cyclo¬ 
hexane ring is less rigid than those of the lower cycloalkanes. Ethylene 
glycol does not increase the conductivity of boric acid solutions, appar¬ 
ently because the mutual repulsion of the hydroxyl groups causes the 
molecule to rotate so as to allow these groups to take up positions which 
are far apart. A similar result is obtained with <rarw-1,2-cyclopentanediol 
in which the hydroxyl groups, owing to the absence of free rotation 
about the line joining the carbon atoms holding them, cannot come close 
together (see Fig. 56). Confirmation of this view is seen in the fact that 
cfs-l,2-cyclopentanediol (Fig. 5o) greatly increases the conductivity. 
Here the hydroxyl groups are close together and, on account of the rigid¬ 
ity of the ring, cannot move. Similar results have been obtained with 
substituted cyclopentane-1,2-diols and the hydrindene-l,2-diols (Fig. 5c). 
(See p. 444 for a general discussion of cis-trans isomerism.) 



Fia. So Fiq. Sb Fio. Sc 


^^Bdeseken, Inst, intern, ehim, JSolvav, Con$eil chim. 4th Conteil, Britaaelt (1831) 
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The behavior of the cis- and frans-l,2-cyclohexanediols furnishes 
striking evidence for the theory that these rings are non-planar, for nei¬ 
ther of these glycols increases the conductivity. This would, of course, 
be the expected result for the trans form even if the ring were planar; 
but the fact that the cis glycol does not increase the conductivity shows 
that the hydroxyl groups here are able to move apart owing to the 
flexibility of the ring. Only the non-planar ring possesses such flexibility. 

The formation of five-membered rings of a somewhat si m ilar nature 
has been postulated by Criegee, Kraft, and Rank,’^ to explain the results 
obtained in the oxidative cleavage of 1,2-glycols with lead tetraacetate. 
They assume the intermediate formation of a heterocyclic ring contain¬ 
ing lead. To the formation of this ring are attributed two experimen¬ 
tally observed facts: first, that the reaction velocity for a cfs-glycol is 
much greater than that for a trana-glycol; and, second, that the ratio of 
the reaction velocity of a cis five-membered cyclic glycol to that of a 
trans five-membered cyclic glycol is larger than the similar ratio for ds 
and trans six-membcred cyclic glycols. This latter fact indicates that 
the atoms of a six-membercd ring do not lie in one plane. 

Glycols tend to form cyclic acetals vnth acetone according to the 
following equation: 

>C—OH /CH 3 0\ /CH, 

I + 0=C< I XCC; + HjO 

>c—OH N:h3 yc—(y 

The tendency of this reaction to go is taken as a measure of the prox¬ 
imity of the hydroxyl groups. As would be expected, in the case of 
cfs-l,2-cyclopentanediol and the cfs-indanediol the equilibrium lies far 
to the right. On the other hand, the trans forms give no acetals. 

1,2-Glycols of the cyclohexane and tetralin series give results which 
resemble those obtained with boric acid. The trans forms give no deriva¬ 
tives with acetone, and in the cis forms the equilibrium lies far to the 
left. These results would appear to demonstrate that the cyclohexane 
ring is more flexible than the cyclopentane ring. However, the behavior 
of the 1,2-cycloheptanediols is not so easily explained on the basis of 
relative flexibilities of the rings. For here both the cis and trans modifi¬ 
cations readily form acetals with acetone. Moreover, both forms 
increase the conductivity of boric acid, the effect of the ds form being 
about three times as great as that of the trans. The assumption, as yet 
unproved, that the cyclohexane ring possesses a greater flexibility than 
the smaller rings leads to the prediction that these glycols should have 

’* Criegee, Kraft, and Rank, Ann., 607, 169 (1933). 

’• Maan, Ree. trav. chim., 48, 332 (1929). 
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less effect than the corresponding cyclohexanediols. No completely 
satisfactory explanation of these results has been offered. 

ALICYCLIC ACIDS 

The monocarboxylic acids of this series present few problems which 
have not already been encountered in the open-chain series. The intro¬ 
duction of a second carboxyl group, however, gives rise to geometrical 
isomerism if the two groups are on different carbon atoms. Thus, 1,2- 
cyclobutanedicarboxylic acid exists in cis and trans modifications. This 
type of acid is of great interest because of the relation between ring 
structure and the tendency toward anhydride formation. 

It is a well-established fact that 1,2-dicarboxylic acids, such as maleic 
and phthalic acids in which the carboxyl groups are near together, will 
form monomeric anhydrides, whereas similar acids in which the groups 
are far apart, as in fumaric and dimethylfumaric acids, do not form such 
anhydrides, at least not without first undergoing rearrangement. In the 
cyclobutane and cyclopentane series, the cM-l,2-dicarboxylic acids form 
monomeric anhydrides, whereas the corresponding trans forms fail to 
do so. From these results with open-chain dibasic acids, it seems clear 
that the formation of cyclic anhydrides is conditioned by the possibility 
of the carboxyl groups coming into close proximity to each other. 

On the basis of this criterion, it is very significant that in the cyclo¬ 
hexane series both the cis and the /rana-l,2-dicarboxylic acids form cyclic 
anhydrides. Examination of the models shows that only the strainless 
or non-planar forms possess sufficient flexibility to permit the carboxyl 
groups of fmns-hexahydrophthalic acid to approach each other. Both 
the cis and trans modifications of hexahydroisophthalic acid form mono¬ 
meric anhydrides with extreme ease. Hexahydrohomophthalic acid is 
especially interesting because the anhydride of the transform is more stable 
than that cf the cis modification. When either of the anhydrides is heated 
at 220° an equilibrium mixture is formed of which 75 per cent is the trans 
anhydride and 25 per cent the cis anhydride.*® 

CHj C • H CO 220' CHj C—H CO 

I I I ^=11 I ! 

CHj C H 0 CH, C H O 

ScHs/ '^CO/" ^CO'^ 

(Hi) (trmui) 

26 per cent 75 per cent 

The correctness of the foregoing explanation of the formation of the 
monomelic anhydrides of trans modifications of acids of this type has 
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been confirmed by the synthesis of the endoethylene derivative of hexa- 
hydrophthalic acid, the trans form of which, though strainless, no longer 
possesses flexibility and, in consequence, cannot form a monomeric 
anhydride. 


/CHv 
\ 

CHj CHj CHCO 2 H 


CH 2 CH 2 CHCO 2 H 


CH^ 


Many endocyclic bridges of this general type are known which, on the 
Baeyer theory, would involve strain but which can be represented as 
strainless if the non-planar cyclohexane ring is assumed. Among these 
are the lactones of cts-4-methyl-4-hydroxyhexahydrobenzoic acid (I), 


CH 2 —CHj CH 2 -CH 2 



and of 3-hydroxyhexahydrobenzoic acid (II) and several of its homologs. 
Examples of this type have been greatly multiplied in recent years by 
use of the “diene” synthesis of Diels and Alder (p. 76). While the 
existence of compounds of the foregoing types seems difficult to reconcile 
with Baej''er’s original theory, it is interesting to note that he was the 
first to observe the remarkable degree to which the hexahydrobenzene 
derivatives resemble the corresponding members of the paraffin series. 


UNSATURATED ALICYCLIC COMPOUNDS 

The cycloalkenes can ordinarily be prepared by the usual methods 
of making olefins, such as dehydration of the corresponding alcohols. 
However, owing to the instability of the rings, cyclopropene and cyclo¬ 
butene require special methods. These have been synthesized from the 
corresponding bromides by thermal decomposition of the appropriate 
quaternary ammonium bases. 

The simplest known cycloalkadiene is cyclopentadiene. It may be 
isolated from the fore-runnings when crude benzene is distilled, and it 
has also been found among the decomposition products of heavy paraffin 
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oil. Its tendency to polymerize has already been mentioned (p. 76). 
Cyclopentadiene is remarkable because it has an active methylene group. 
Thus, the diene reacts with methylmagnesium iodide to give a Grignard 
reagent and methane. 



Hs + CHjMgl 



+ CH 4 


With aldehydes and ketones, cyclopentadiene condenses to give highly 
colored hydrocarbons known as fttlvenes. Benzophenonc, for example, 
leads to the formation of diphenylfulvene. 


CH=CH\ yCsHs 

I >cHj + oc<; 

CH=CH/ 



6 

5 


Diphenylfulvene 


+ H 20 


Cyclobutadiene has not been prepared. Particular interest attaches 
to this structure, however, because it is analogous to those of benzene 
(cyclohexatriene) and cyclodctatetraene in having a compietefy conju¬ 
gated system. Cyclooctatetraene was found by Willstatter to be 


CH=CH 

I I 

CH==CH 


Cyclobutadiene 


CH CH 

\:H—CH-^ 

Cyclohexatriene 

(benzene) 


^CH=CHs^ 
CH CH 

II II 

CH CH 

\CH=CH'^ 

Cyclodctatetraeae 


highly unsaturated and entirely devoid of the properties peculiar to 
benzene and its derivatives. Because of the striking similarity between 
this compound and styrene in chemical and physical properties, the 
earlier work has been questioned.™ Recently several investigators have 
attempted to find new routes to cyclooctatetraene derivatives.™ 

From a consideration of the models it was expected that the intro¬ 
duction of a double bond into an alicyclic ring would render the ring 
less flexible and in small rings would introduce strain or augment that 
already present. 

Some energy data are available relative to unsaturated compounds 
which offer support for the theory that a five-membered ring possesses 

” Willatatter and Wasor, Ber., 44, 3433 (1911): Willstatter and Heidelberger, Ber., 46, 
617 (1913), 

™ Vincent. Thompson, and Smith, J. Org. Chem., 3, 603 (1936); Goldwasser and 
Taylor, J. Am. Chem. Soc., 61, 1260 (1939). 

™ Wawzonek, J. Am. Chem. Soe., 63, 745 (1940); Fry and Fieser, ibid., 63, 3489 (1940) 
Hurd and Drake, ibid., 61, 1943 (1936). 
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more strain than a six-membered ring, and that the six-membered ring, 
in turn, possesses less strain than the corresponding open-chain com¬ 
pound. The heats of hydrogenation show that a double bond is more 
stable in a six-membered ring than in an open-chain. 

Hexene CeHij -J- H 2 = C 6 Hi 4 -f- 30.4 Cal. 

Cyclohexene CeHio + Hj = C 6 H 12 -f 23.5 Cal. 

tram —A“—Octalin CioHu -h H 2 = CioHis + 24.3 Cal. 


In support of this conclusion may be cited the fact that a double bond 
in a side chain will migrate to a six-membered ring, whereas the reverse 
has not been observed unless conjugation was involved. 

The magnitude of this tendency in the six-membered ring is indicated 
by the following heats of migration: 


^CHj— CH2v^ 

^CH2-CH^ 

CH 2 

C==CH2 

CHs 

C—CHj -I- 3.2 Cal. 

^CHj—CH2'^ 

\::h2—ch/ 

yCHaCHjv 

^CH2-CH^ 

CHj 

C==CHCH, 

CH 2 

C-CHsCH, -h 3.6 Cal. 

'^CH2CH2'^ 

^CIIs—C h/ 


There is some evidence that the tendency for a semicyclic double bond 
to migrate to the ring is less in the five- than in the six-membered ring. 

The cycloolefins have been found to react with phenyl azide, and 
the rate of this addition is believed to be a mea-sure of the strain in the 
ring.*“ On this basis cyclopentene is much more strained than the 
higher members. If these data are correctly interpreted it follows that 
strainless unsaturated rings must contain more members than the corre¬ 
sponding saturated rings. 

In this connection should be mentioned the Bredt rule, which relates 
to bridged rings. It states that in compounds of this type a carbon 
atom at a point of fusion of two rings cannot carry a double bond. Thus, 
dehydration of camphenilol does not give the normal unsaturated hydro¬ 
carbon, but yields santcne instead. 


CHs—CH—CCCHj), 

I 

CH, 

I 

CH2—CH—CHOH 

Camphenilol 


-HjO 
- > 


CHs—CH—CCHa 

I 

CH* 

I 

CH 2 —CH—CCHs 

San tent 


Alder and Stein, Ann., 601, 1 (1933). 
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This rule has proved to be very general and has been interpreted to 
mean that such structures would involve a great amount of strwn. If 
the ring system involved is strainless as in 9,10-octalin the rule no longer 
holds. 

A special example of rings containing unsaturated linkages is fur¬ 
nished by the benzopolymethylene compounds. o-Benzopolymethylene 
rings are known varying in size from three members to rings of very large 
size. It is of interest to note, however, that the four-membered ring of 
this series has never been prepared. The m- and p-benzopolymethylene 
rings are very difficult to prepare. The only examples of this kind which 
are known contain rings of sixteen and seventeen members. 

Rings are also known which contain the acetylene linkage.®* Cyclo- 
pentadecine and cycloheptadecine have been made from the correspond¬ 
ing dibromides by treatment with alkali. 

^(CHs)«—CHBr y(CHj)r-C 

CHi CHj 

^(CHs)*—CHBr ^(CH2)6—C 

Cyclopentadecme 

y(CHj)7CHBr ^(CH2)r-C 

CHj CH 2 

\(CH2)7CHBr \(CH2)7—C 

Cyclobepiadecine 

BICYCUC COMPOUNPS 

It is now believed that the cyclohexane ring is capable of existing in 
two forms (p. 321); from their shapes these are called the “saddle” and 
“chair” forms. Owing to the difficulty of separating these hypothetical 
stereoisomers, it is generally assumed that compounds possessing this 
ring pass readily from one form into the other.** It should be remarked, 
however, that in this transition the ring must be supposed to assume a 
form which involves a slight increase in the amount of strain. Proof of 
the existence of two such forms has come from studies of bicyclic ring 
systenvs. Several of these will be considered in some detail. 

The simplest condensed ring system which may be regarded as strain- 
less is that formed by the fusion of two cyclohexane rings in the 1,2 posi¬ 
tions. Thus, according to the theory of Mohr (p. 69), decalin should exist 

“ Bredt, Ann., 437, 1 (1924). 

** Ruzicka, Buijg, and StoU, R«2z. Chim. Ada, U, 1220 (1932). 

*• Ruzicka, Httrbin, and Bockenoogen, ibid., 14, 498 (1983). 

'*Wightman, J. Chern. Soc., 2641 (1926). 
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in ds and trans forms. In recent years Hiickel has been able to demon¬ 
strate that this type of isomerism does occur in decalin and its deriva¬ 
tives. The /3-decalols will serve to illustrate the type of evidence which 
supports this view.“ /3-Decalol (I) has been converted through the 


(cia) 


_V^CH,GO.H >^CO,H 
N<'S<r^ 5%^Cn.CO,H>^^CHjCH,CO,H 


M. 105“ 


II 


III 


Ttranf) 

CO” 




M. p , 78“ 

V VI VII 


decalone (II) to a cyclohexanedicarboxylic acid (III) which is known to 
have the cis configuration. This decalol, therefore, is a cis form. Similar 
degradation of the decalol melting at 75° (V) showed it to have the trans 
configuration. The acid VII is resolvable into optical antipodes and, 
thus, is proved to be the trans modification. The cis acid (III) is a mesa 
form and cannot be resolved. 

Isomerism of this type has been demonstrated for the a-decalols, 
the a- and d-decalylamines, and a number of other derivatives of decalin. 
A similar type of isomerism is known in the hydrindane series. The 
/3-hydrindanol derived from III by ring closure and reduction exists 
in two geometrically isomeric forms (VIII and Villa) whereas that sim¬ 
ilarly derived from VII exists in one racemic form (IX). 




Cc 


CHs 

'OH 

CH* 


VIII 


Vlllo 

ci«’HydrindaDolB 



IX 

tran«>Hydrindajiol 


An interesting point to notice is that cis-decalin contains 4.6 cal. 
per mole more energy than the trans form—as shown by the heats of 
combustion. This difference cannot be explained on the basis of Mohr’s 
theory. Differences of this order are to be found between open-chain 
isomers, such as pentane and isopentane. 

••Httckel, Forttchr, Chtm,, Phyaik pkysik, Chem., 19 (iA), 1 (1927). 
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STRUCTURE 

Though the formulation of a simple definition of the term “aromatic 
character” or “aromaticity” presents certain difficulties, it may be said 
that the most important and distinguishing characteristics of the aro¬ 
matic compounds are associated with their peculiarly diminished unsatu¬ 
ration and with the pronounced tendency of these substances to the 
fonnation and preservation of type. Benzene clearly is an unsaturated 
hydrocarbon, for under suitable conditions it can be hydrogenated, but 
the compound is so much less reactive than the simple alkenes and 
alkynes that the unsaturation appears to be of a special, modified char¬ 
acter. The hydrocarbon reacts only slowly with bromine; it fails com¬ 
pletely to combine with hydrogen bromide; and, although it decolorizes 
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permanganate in a cold acidic solution sufficiently rapidly for test pur¬ 
poses,^ the unsaturated hydrocarbon is quite stable to alkaline perman¬ 
ganate in the cold. Hand in hand with this unusual resistance to chem¬ 
ical attack is the general stability of the benzene ring system. The ease 
of formation and the stability of the unsaturated ring are well illustrated 
by the production of aromatic compounds in the pyrolysis of coal and in 
such remarkable transformations as the conversion of camphor into 



P“cymene (1), or the dehydrogenation of the .sesquiterpene a-selinene (2). 
Other examples are the ring enlargement and aromatization occurring in 
the dehydrogenation of cholic acid (p. 1351) with selenium at a high 
temperature (3), and the conversion of n-butyl-cyclopentane into o-ethyl- 
toluene on dehydrogenation with palladium charcoal.® 

The special stability of the benzenoid nucleus as compared with less 
hi^y unsaturated cyclic systems is indicated with striking clarity by 
tbermochemica! data. Whereas early measurements of heats of combus- 

‘ Wieland, Ber., 46 , 2G1S (1912). 

’Kasanaky and Plate, Ber., 69, 1862 (193®. 



AROMATIC CHARACTER 


119 


tion* indicated that the formation of benzene from dihydrobenzene 
requires an energy input amounting to one-fifth to one-fourth that in¬ 
volved in the removal of two hydrogen atoms from cyclohexane or cyclo¬ 
hexene, it has been shown more recently by the direct determination of 
heats of hydrogenation that the conversion of 1,2-dihydrobenzene into 
benzene actually is a slightly exothermic reaction (5.6 Cal.).‘ It is 
almost certain that dihydrobenzenes are thermodynamically unstable 
with respect to benzene and, consequently, that reaction 4 will proceed 
in the direction indicated under the influence of a suitable catalyst. 

|^^i-^(^ + H.+ 6.7Ca]. (4) 

Halogen and hj^droxyl derivatives of 1,2- and 1,4-dihydrobenzene, such 
as l,2-dibromo-l,2-dihydrobenzene, hitherto have eluded isolation, and 
the lack of stability of these compounds probably is attributable to 
similar energy relationships. 

It is a further mark of the aromatic character that the chief reactions 
of the compounds in question are substitutions rather than additions. 
The line of demarcation is by no means a sharp one, and examples will 
be cited below of additions to aromatic compounds as well as of substi¬ 
tutions of alkenes, but the general difference in the reaction type never¬ 
theless is impressive. In defining aromaticity, however, the type of 
reaction is given a place of secondary importance because it is in all 
probability a direct consequence of the properties discussed above. A 
distinct parallelism is easily discernible, for where the ring system is 
particularly stable and inert, as it is with nitrobenzene or pyridine, only 
substitution occurs, and that with difficulty; naphthalene and anthra¬ 
cene are more susceptible to any kind of reaction, they are more like 
alicyclic ethylenic hydrocarbons, and they often yield addition products. 
It is only where the stability characteristic of the aromatic condition is 
not highly developed that an addition product of a dihydrobenzenoid 
structure is capable of existence. It is properly said that nitrobenzene 
possesses a higher degree of aromaticity than benzene and that naphtha¬ 
lene is less strongly aromatic than the parent hydrocarbon. The greater 
susceptibility of naphthalene than benzene to addition reactions is a 
mark of its inferior aromaticity. 

That functional groups sometimes display a somewhat unique char¬ 
acter further distinguishes the benzenoid compounds. When compari- 

’ Stohmann and Langbein, J. prakl. Chem., [2] 48 , 447 (1893); Roth and v. Auwers* 
Ann., 407 , 145 (1915). 

* Kiatiakowsky, KuhoS, Smith, and Vaughan, J. Am. Chem. Soc., 68, 143 (1936). 
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eon is made with open-chain compounds which are unaaturated, how¬ 
ever, the differences often are slight. The inert nature of the halogen 
atom in bromobenzene is encountered also in vinyl bromide, and the 
phenols are comparable in acidic strength to the aliphatic enols. Although 
the existence of diazonium compounds of the aromatic, but not of the 
aliphatic, series appears to indicate a unique property of the aromatic 
amines, it is possible that the discrepancy is due merely to lack of data 
upon which to base an accurate comparison. One real difference is that 
the hydroxyl derivatives of benzene show much less tendency to ketonize 
than do the aliphatic enols, but this is only another manifestation of the 
special stability of the unsaturated ring or, conversely, of the thermo¬ 
dynamic instability of the dihydride structure of the keto form (5). 


0 OH 



H H 


Finally, it may be noted that the benzene ring not only is capable of 
persisting throughout many transformations of side chains and sub¬ 
stituents, but also functions as a closely knit unit in wliich each part is 
coordinated with the whole. A substituent not only influences the 
reactivity at an adjacent carbon atom but also modifies the character of 
the entire ring, and the transmittance of an orienting or activating effect 
to the para as well as the ortho position illustrates clearly the special 
nature of the aromatic compounds in this respect. 

Although the formulation of a theory which will best account for the 
special characteristics of the aromatic compounds usually is referred to 
as the benzene problem, benzene is only one representative of a large 
number of cyclic substances which possess to a greater or less degree the 
properties listed above, and an adequate theoretical interpretation 
should be broad enough to include the polynuclear aromatic hydrocar¬ 
bons and the unsaturated heterocycles of aromatic characteristics. 
Conversely, the modification in properties produced by fusing together 
two or more benzene rings, or by the insertion of a hetero atom, may 
serve to reveal tendencies not directly discernible in the unmodified mole¬ 
cule. In the following inquiry into the problem, an attempt will be made 
to assemble and evaluate the pertinent facts concerning all the aromatic 
types. 

Benzene Formulas. There is abundant evidence from the facts of 
isomerism, from hydrogenation experiments, and from crystal-structure 
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studies that benzene contains a ring of six equivalent carbon atoms, each 
carrying an atom of hydrogen. The only problem is that of accounting 
for the fourth valence of each carbon atom. Of the many solutions which 
have been suggested, only two can be said to make use of the ordinary 
conception of the valence bond, namely, the formulas of Kekul4 (1865) 
and of Ladenburg (1869). * The formulation which originaUy was given 
preference by Kekuld, largely because of its simplicity, has been the sub¬ 
ject of continued experimental investigation and debate, and there is 
much to recommend the conception of a ring system of alternate double 
and single bonds. For a preliminary examination of the various hypothe¬ 
ses it will be sufficient to show why many of Kekul4’s contemporaries 
were led to consider his formula inadequate and to construct alternate 
hypotheses. One much-discussed objection was raised by Ladenburg,® 
who pointed out that although the Kekul6 formula predicts the existence 
of only one monosubstitution product of benzene and is thus in accord¬ 
ance with the known facts, it allows the existence of a greater number of 
disubstitution products than are actually known. Among such deriva¬ 
tives there should be two ortho compounds and, when the two groups 
are different, two meta compounds. These predictions were contrary to 


A A A A 



all experience. In many cases disubstitution products of the types indi¬ 
cated had been prepared by methods which utilized a different sequence 
in the introduction of the groups and only a single ortho or meta derivative 
was obtained. 

In reply to Ladenbui^’s criticism, Victor Meyer' offered the reason¬ 
able opinion that the distinction between the two possible isomers 
probably is so subtle as to escape detection by ordinary methods. 
Kekuld,^ however, felt that Meyer’s stand was too weak, and he con¬ 
structed a mechanistic picture, the essence of which is that the double 
bonds are assumed to be in a constant state of oscillation between the 

* References to the early literature may be found in BeUstein-Prager-^aoobson, 
“Handbuch d. org. Chemie,” 4th ed., Springer, Berlin (1922), Vol. V, pp. 173-174; good 
disoTissions are given in Cohen, “Organic Chemistry,” 6th ed., longmana, Green and Co., 
London (1928), Part II, pp. 422-468, and in Meyer-Jscobson, “Lehrbuch d. org. Chemie,” 
Veit A (3omp., Leipzig (1902), Vol. II, Part I, pp. 46-7® 

® Ladenburg, Ber., 2 , 140 (1869). 

® Meyer, Ann.^ 156, 29^ (1870). 

T KekiiI6, Ann., 162, 85 (1872). 
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two possible positions.' This idea was open to the criticism that, regarded 
as a proposal of dsmamic isomerism, it did not correspond with the dis¬ 
covery that the interchange between actual tautomers often occurs with 
measurable velocity. It is not so inconsistent with the modern concept 
of resonance (p. 1950), but in its time, the oscillation hypothesis only 
served to divert attention from the views based upon sound analogy and 
to weaken the standing of the double-bond formula. 

A further, rather serious objection to the Kekul6 formula arose from 
the difficulty of understanding why, if benzene contains three ordinary 
double bonds, it is so inferior to the ethylenic hydrocarbons in reactivity. 
Most of the later formulations were designed to express in some way the 
modified unsaturation peculiar to the aromatic compounds. The extreme 
attempt in this direction is the Ladenburg prismatic formula, which 
may be said to indicate no unsaturation at all, in the ordinary sense, and 
thus to represent a very inert and stable molecule. In the accompanying 
formula (I), a carbon and hydrogen atom are assumed to occupy each 



I ii m 

comer of the figure, and the positions are numbered so as to correspond 
to those of the more familiar hexagonal formulas. In order to conform 
to the Kdrner principle of orientation the 1,2-, 1,3-, and 1,4-positions 
must be regarded as ortho, meta, and para, respectively. Thus a 1,4-di¬ 
derivative {jpara) would be the only isomer capable of giving rise to but 
a single monosubstitution product. 

The Ladenburg formula actually is of only historical interest, for it 
is disproved quite definitely by a number of observations. Some men¬ 
tion of the evidence may be not out of place, however, for this will at 
least show certain of the requirements which a formula must meet in 
order to be admissible. In point of time the first demonstration of the 
inadequacy of the prism formula was that adduced by Baeyer in his 
classical researches on the hydrophthalic acids, commencing in 1886. 
The prismatic form of benzene pictured by Ladenburg would have to 
open on hydrogenation in such a way, for example, that the 1 and 3, or 
meto, positions would be adjacent to each other in the resulting cyclo¬ 
hexane, as pictured in formula II. Baeyer, however, developed a thor- 
ou^ experimental proof that substituents in the hydrogenation products 
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are not found in the positions indicated but rather that groups attached 
in the ortho positions in benzene are located on adjacent carbons in the 
cyclohexane formed.* Further objections to the prism formula are that 
it is incapable of accounting for the polynuclear hydrocarbons and that 
it does not meet the requirements of space symmetry. The introduction 
of two different groups, as in formula III, would give rise to molecular 
asymmetry (p. 221), but no such simple benzene derivative has been 
found capable of resolution, and there is no instance of an optically active 
natural product which owes its activity to the asymmetry of an isolated 
benzene nucleus. 

Perhaps the most convincing evidence is that furnished by the recent 
x-ray crystallographic studies. Investigations in this field (p. 1762) have 
shown that all six carbon atoms of benzene lie in a plane and that the 
hydrogen atoms or substituent groups radiate from the ring in the same 
plane. It is possible that the ring is slightly puckered, but any such 
deformation must be practically inappreciable, and it certainly does not 
represent a permanent condition.® From the x-ray analysis of hexa- 
methylbenzene, and with the aid of certain inferences by Bragg* re¬ 
garding naphthalene and anthracene, Lonsdale determined the dis¬ 
tance between carbon centers in the aromatic ring and estimated other 
dimensions of the hexamethylbenzene molecule. The results for this 
and other aromatic compounds obtained by various investigators “ are 
in substantial agreement with those of Lonsdale, and the conclusions 
based upon x-ray measurements have been confirmed and extended by 
application of the electron diffraction method. The dimensions for the 
benzene molecule given in the accompanying figure are tho.se reported by 
Jones.The length of the aromatic carbon-carbon bond (1.40 A) is 
known with an accuracy of ±0.01 A, while the value for the Cnromatio —H 
bond (1.14 A) is subject to somewhat greater uncertainty. The estab¬ 
lishment of the planar nature of the benzene ring definitely excludes the 
prism structure proposed by Ladenburg a.s well as several other three- 
dimensional representations which have been suggested. These space 
formulas have been reviewed and criticized by Graebe and by Wittig,** 
and they need not be discussed here. 

* For reviews of this work see; Cohen, loc. cil., pp. 440-449; Meyer-Jacobson, he. eii., 
pp. 764-771. 

* Bergmann and Mark, Ber.^ 6S, 750 (1929). 

® Bragg, Proc. Phya. Boc, (Londim), 34, 33 (1922); 35, 167 (1923). 

Irfinsdale, Trans. Faraday Soc., 26, 352 (1929). 

'' Kobertaon, Cfietn. Reo., 16 , 434 (1935). 

Jonas, Trans. Faraday Soc.^ 31, 1036 (1935). 

Graebe, Bar., 35. 626 (1902). 

Wittig, “Stereochemie,” Akademische Verlagsgesellsohaft, Leipzig (1936), pp. 167- 
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The experimentally determined distance separating adjacent carbon 
centers in the benzene ring is 1.40 A, and this may be said to represent 
the length of the ordinary ortho bond. It will be seen from the figure 
that a valence linkage between para carbon atoms would constitute a 
bond twice this length (2.80 A). This value is considerably greater than 
the distance between carbon centers in any known tj^je of compound, 



as can be seen from a comparison with the results obtained for various 
kinds of linkages; ^ C—C bond in diamond, 1.54 A; C—C bond in 
graphite, 1.42 A; CaUphatic — Cai.-phatic bond in normal alkanes, 1.54 A; 
Caromatic —^Caiiph»tie bond ui alkyl benzenes, 1.47-1.50 A; C=C bond in 
benzoquinone, 1.32 A. It is evident that an aromatic para bond would 
represent something quite unlike any known type of linkage, and conse¬ 
quently that all formulas for benzene which employ such a bond must 
be considered as being of a purely speculative nature. While it is pos.si- 
ble that an adequate solution of the benzene problem can be found 
only with the aid of some special hypothesis with regard to valence, it 
is well to differentiate clearly between those theoretical concepts which 
are based upon analogies with known compounds and those which postu¬ 
late a type of linka ge not encountered among non-benzenoid compounds, 
and formulas utilizing the idea of a para bond clearly belong to the 
second, speculative, group. 

One of the earliest of the suggestions utilizing the para bond is the 
diagonal formula of Claus. The idea of a direct connection to both the 
ortho and para positions was considered to be of great advantage in 
providing a mechanism whereby a substituent can exert an influence in 
both these positions, and the hypothesis was particularly attractive 
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during the years when little or nothing was known concerning the nature 
of conjugated systems and 1,4-additions, and hence when it was not 
yet possible to understand the close relationship of the para carbon 
atoms on the basis of the Kekul4 formula. Even with these modem 
developments, the Claus formula has continued to receive occasional 
attention, as for example in the electronic interpretation of the diagonal 
formula proposed by Pauling.^ That the Claus formula assumes a con- 



Claus, 1867 


figuration for the carbon atom which departs widely from the normal is 
perhaps an insufficient reason for its rejection. That it calls for three 
valence bonds of twice the ordinary length, and that it requires the 
assumption that these special bonds confer upon the molecule a remarka¬ 
ble degree of .stability, classifies the hypothesis as being not only specula¬ 
tive but improbable. Since aliphatic carbon-carbon bonds are slightly 
longer and slightly weaker than the aromatic linkage between ortho 
carbon atoms, it may be inferred that a long bond connecting para car¬ 
bon atoms in the benzene ring would represent a very weak linkage. 
The diagonal fonnula, therefore, would imply an extremely reactive 
molecule quite different in properties from benzene. Pauling subse¬ 
quently called attention to this defect in the hypothesis which previously 
he had supported. The chemical evidence is of a negative character, 
but it points in the same direction. By partial hydrogenation (Baeyer) 
or by ring cleavage (Th. Ziucke) one of the unsaturated linkages can be 
opened under conditions not likely to affect the remaining centers of 
unsaturation. The latter appear in the reaction products not as para 
bonds but as ordinary double linkages. Examples of such reactions will 
be given later. 

The theoretical objections to a para bond of any sort apply equally 
well to the structure suggested by Dewar and utilized in Graebe’s anthra- 

o cax5 

Dewar, 1867 Graebo, 1867 

cene formula. There is some justification for representing the meso 
carbon atoms of anthracene as being connected by a long, weak bond in 
order to account for the great reactivity at these positions, and the 

Pauling, J. Am. Cheni. Soc.t 48 , 1132 (1926). 

Pauling and Wheland, /. Chem. Phy$., 1 , 362 (1933). 
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Graebe formula will be given further consideration in a later section. 
As applied to benzene, the formulation received little attention until 
reAUved by Ingold in 1922 in order to account for the transmission of 
a directive influence to the para position. Some secondary hypothesis 
is required to provide for the known symmetry of benzene, and Ingold 
considered the Dewar formula to be an intermediate phase of oscillation 
between the two Kekul4 structures. It would, however, represent far 
too reactive a structure to have a finite existence in the chemical sense, 
for activity would arise not only from the para bond but also, as remarked 
by R. Robinson,*® from the two isolated ethylenic linkages. 

The Armstrong-Baeyer centric theory *® represents a speculation of 
stiU another kind. The fourth valence of each carbon atom is not con¬ 
sidered to be connected to any other atom but is pictured as being 
directed toward the center of the nucleus. It is supposed that the par- 



ArmBtrong-Baeyer, 1887 


tial valences effect a neutralization of energy at the center, that by their 
mutual action the combining power of each is rendered latent. The 
centric formula has had a certain appeal because it gives formal expres¬ 
sion to the fact that the benzene ring possesses certain peculiarities, but 
one might argue that the same purpose would be served by the use of 
a plain hexagon labeled “At.” The hypothesis of stabilizing partial 
valences in no way solves the mystery of the stability of the ring; it 
simply states the problem in a different way. The lines directed toward 
the center are not intended to represent free valences, and it is dif¬ 
ficult to assign to them any real physical meaning except, perhaps, that 
the formula may be taken to indicate a cluster of six electrons at the 
center of the carbon ring. This and other electronic conceptions will be 
discussed below. For the present it may be noted that, since the centric 
formula is beyond the reach of experimental evaluation, its only claim 
to merit would have to be derived from a demonstration of its usefulness 
in the correlation of facts. Bamberger ^ attempted such a correlation 
in the field of those unsaturated heteyclerocs which possess to a greater 
or less extent the properties characteristic of the aromatic condition. 
His representations of a few of these substances are shown in the formu- 

” IngoW, J. Chem. Soc., lai, 1133 (1922). 

^’Robiiuon, Ann. Rept». Chem. Soc. {London), 89 , 86 (1022). 

A* Ajmstrong, J. Chem. Soc., 01 , 264 (1887); Baeyer, Ann., 848 , 121 (1888); 881 , 285 
(1889) ; 869 , 188 (1892). 

‘OBamberiser, Ber., 84. 1758 (1891); Ann., 878. 373 (1893). 
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las. The fonnula for pyridine resembles closely that for benzene, and 
the trivalency of nitrogen is in accord with the fact that pyridine forms 
stable salts and alkyl halide addition products. In pyrrole, however, 
the nitrogen atom is assumed to be pentavalent, and the fact that this 
heterocycle does not form stable salts is laid to the utilization of the 
salt-forming valences of nitrogen in contributing to the centric system 
of the ring. In the same way, thiophene and furan are regarded as con¬ 
taining tetravalent hetcro atoms, and indeed the former comp)ound does 



Pyridine Pyrrole Thiophene Pyrazole Furan 


not add alkyl halides. According to Bamberger, all these heterocycles 
resemble benzene in having six valences directed toward the center, and 
he took it as axiomatic that the aromatic character is in each case due 
to the hexaoentric system. 

This view, though interesting and suggestive, is open to certain objec¬ 
tions. In a paper of 1894, Knorr criticized Bamberger’s formulas for 
pyrrole and pyrazole on the ground that open-chain compounds having 
only alkyl groups or hydrogen atoms joined to pentavalent nitrogen, 
analogous to the hypothetical structures, were entirely unknown. The 
hypothe.sis becomes no more reasonable now that such compounds have 
been discovered, for they are highly unstable substances entirely dif¬ 
ferent from pyrrole, and the fifth alkyl gioup is held by a valence which is 
very closely akin to a polar bond (p. 1837), It may be argued further 
that some of the alkylated pyrroles do appear capable of salt formation, 
while retaining the aromatic properties. It is also worth noting that 
the weak basicity of pyrrole can be explained just as well by means of the 
double bond formula (IV). On this basis, the heterocycle is comparable 
with an imide (V) or with diphenylaraine (VI), and the lack of strong 
salt-forming qualities is attributable to the presence of unsaturated sub¬ 
stituents joined to nitrogen “ (see p. 210). 

Like Armstrong and Baeyer, Thiele ^ sought to accoimt for the dimin¬ 
ished unsaturation of benzene by the use of a novel conception of the nature 
of valence. Starting with the Kekul6 formula, and with the idea that 

« Knorr, Ann., S79, 188 (1894). 

” Mnrckwald, Ann., S79, 1 (1894). 

=» Thiele, Ann., 306, 125 (1899). 
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a partial valence is associated with every unsaturated atom, Thiele sup¬ 
posed that the six partial valences of benzene, VII, neutralize each other 



IV V VI 


in pairs to form three inactive double bonds, as in VIII. The original 
double bonds are thereby rendered inactive as well, and the distinction 
between these bonds and the newly formed linkages may be .so slight 
that the final result is perhaps best represented as in IX. Any difference 


« 
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Thiele, 1899 


between ortho positions vanishes, and benzene is represented as a sym¬ 
metrical ring of six inactive, semi-double bonds which are regarded as 
conferring upon it a special .stability. Thiele’,s second formula amounts 
to practically the same thing as the centric formula, for in each case 
there is pictured an internal neutralization of the fourth valences of the 
ring atoms. There is the difference, how’ever, that, although Thiele did 
not provider a theoretical mechanism whereby the supposed neutraliza¬ 
tion or dampening might take place, and although the partial valences 
cannot be said to possess a physical reality, Thiele did develop a con¬ 
ception of the reason for the inertness of the benzene ring based upon a 
rational comparison with open-chain compounds. It is quite generally 
true that a conjugated system is more stable and more prone to function 
as a unit than a system of the same degree of unsaturation but lacking 
the feature of conjugation. According to the KekuM formula, benzene 
contains a particularly sjunmetrical, closed conjugated system of double 
and single linkages, and this feakire may well confer upon the molecule 
a special stability. It is difficult to see any great advantage in the 
attempt to express this idea by means of a special formula such as VIII, 
for the curved lines have no significance in terms of the modem con¬ 
ception of the nature of the chemical bond. The simple Kekul^ formula, 
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interpreted as indicating a special type of conjugation, serves just as 
well, and the contribution of Thiele to the general problem was in con¬ 
centrating attention on this interpretation. 

Although this structural feature is doubtless of considerable impor¬ 
tance, it appears that the idea of conjugation alone does not solve the 
problem. If the aromatic character of benzene were attributable solely 
to a symmetrical, cyclic system of alternate double and single bonds, 
cyclooctatetraene (X) might be expected to possess the same inert, 
stable character as benzene. Willstatter prepared a hydrocarbon 

CH=CH 
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CH CH 

II II 

CH CH 

\ / 

CH==CH 

X 

presumably having this structure and found that the substance is yellow, 
decolorizes permanganate instantly, forms a dibromide and a hydrogen 
bromide addition product, and rearranges easily when in a slightly 
impure condition to a more stable product, possibly ha\'ing a bridged 
structure. Hurd and Drake “ have noted that no proof was pro¬ 
vided that the Willstatter hydrocarbon has a conjugated system, and 
they have expressed the view that the substance conceivably may have 
contained an allcnic group. Goldwasser and Taylor,-® Ending that cyclo- 
octene on catalytic dehydrogenation at temperatures above 400® gives 
styrene, suggested that the supposed cyclooctatetraene may have been 
styrene, but in view of Willstatter’s identification of cyclooctane as the 
product of the catalytic hydrogenation of the unsaturated hydrocarbon 
this conjecture hardly seems admissible.. Confirmation of the structure 
and properties of the hydrocarbon, to be sure, is highly desirable. At¬ 
tempts to synthesize benzo and dibenzo derivatives of cyclooctatetraene 
have been initiated.^^ If WilLstatter's observations regarding cyclooc¬ 
tatetraene are sustained, the properties of the hydrocarbon perhaps con¬ 
stitute a serious objection to the KekuM cyclohexatriene formula for 
benzene. It is possible, however, that the real anomaly may be in the 
nature of cyclooctatetraene rather than benzene (see p, 213). In 
comparison with certain open-chain conjugated polyenes whose proper- 

Willstatter and Waser, Ber., 44, 3423 (1911); Willstatter and Heidelberger, Ber, 
46, 617 (1913). 

“Hurd and Drake, J. Am. Chem. Soc., 61 , 1943 (1939). 

“ Goldwasser and Taylor, ibid., 61, 1260 (1989). 

*’ Wawzonek, i6id., 62, 745 (1940); Fry and Fieser, ibid., 62 , 3489 (1940). 
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will be discussed in a later section, Willstatter’s cyclodctatetraene 
apill^ to be more reactive and less stable than would be expected, and 
the compound may not provide a sound basis for the evaluation of the 
Kekul4 formula. 

Attempts to e 3 Tithesize cyclobutadiene thus far have resulted in 
failure, but from the nature and outcome of the attempts it appears 
likely that if the hydrocarbon is capable of existence it is a highly reac¬ 
tive and unstable compound wholly unlike benzene. A comparison of 
the conjugated four- and six-membered unsaturated structures is hardly 
appropriate, however, for the cyclobutadiene ring could be formed only 
with considerable departure from the noimal tetrahedral angles and 
would surely be under significant strain. The element of strain probably 
does not arise with either benzene or cyclooctatetraene. 

It is appropriate to conclude this discu.ssion of formulas and theo¬ 
retical interpretations with an account of the electronic formulations 
(p. 197fi) of benzene, for these give a more concrete expression to the 
older representations and help to clarify the problem. In the electronic 
representation of the Kekul4 formula (XI), the carbon atoms are con¬ 
nected alternately by a pair of shared electrons, and by two such pairs. 
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The only essentially different formulation (other than the resonance con¬ 
cept discussed on p. 207) is that first suggested by Kauffmann and 
written by Kermack and R. Rgbinson ^ as shown in formula XII, the 
electrons connecting the nuclear carbon atoms being distributed evenly 
in triplets. The formula can be written in various ways without altering 
the essential idea which it is intended to convey. The six electrons not 
required for the single binding of the carbon atoms may be regarded as 
forming a stable association having an unspecified location in the center 
of the ring,** for example, or the formula may be written as in XIII. The 
sextet of central electrons is supposed to confer upon the molecule its 
special aromatic character. Goss and Ingold pointed out that the 
aromatic heterocyclic compounds can be correlated with benzene by 

® Ksuffmana, “Die Valendehre,” Enise, Stuttgart (1911), p. 639. 

** Kenoaok and Robiniion, J. Chtm. 8oc., Ul, 427(1922). 

Armit and Robinson, ibid,, tS7, 1604 (1926). 

Goss and Ingold, ibid., 1268 (1928). 
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adopting Bamberger’s hypothesis regarding the valence of the nitrogen 
atom in the five-membered rings. Pyrrole, for example, can be assigned 
the formula XIVa or XIV6, the latter giving particular prominence to 
the aromatic sextet. Bamberger’s “rule of six” thus finds an exact 
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electronic counterpart, but the latter is no more accurate as an empirical 
classification than the former, and atomic-structure theory offers no 
explanation for the supposed rule that the sextet of electrons is responsi¬ 
ble for the stability of the aromatic nucleus. 

The electronic formulas XII and XIII, originating in the suggestion 
of Kauffmann, may be represented in various simplified forms, ^ indi¬ 
cated. A little reflection will show that the essential idea which any of 
the formulas is intended to expre.ss is exactly the same as that given by 
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Thiele Armstrong-Baeyer * 


Thiele’s second formula, namely, that there is no distinction between 
any of the six bonds in the ring and that these are all of a different char¬ 
acter from any known type. It is likewise evident that if the centric 
formula of Armstrong and Baeyer can be given any interpretation in 
terms of the modern conception of valence it must take the form of this 
same Kauffmann structure, which for this purpose might be w'ritten as in 
formula XIII, above. All the formula under discussion are really equiv¬ 
alent, and the idea which they represent, and which may be said to be 
embodied in the hypothesis of a centric-electron structure, is that all six 
carbon-carbon linkages are identical. This view in no sense explains the 
stability of the aromatic ring, but it suggests that this is in some way 
dependent upon a central electron-smear containing just six electrons. 
The suggestion is necessarily vague, for it is difficult to see how the static 
formula can be translated in terms of a dynamic, orbital structure. The 
position of the heterocycles in this scheme also must be regarded as 
highly speculative. The fundamental assumption of complete symmetry, 
however, represents a perfectly definite point of view and one which is 
perhaps capable of being tested. 
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Of the other formulas which have been discussed, that of Ladenburg 
is quite definitely excluded, and the formulas of Claus and of Dewar are 
so highly improbable that they also may be ruled out. The only alterna¬ 
tive to' the above view is tha.t represented by the Kekul6 formula, and 
itmatters little whether this is written with bonds or with electrons, or 
whether Thiele’s curved line.s of neutralization aie included, so long as 
these are given no physical meaning and understood merely to draw 
attention to the conjugation. 

Here, then, are two quite definite views regarding the constitution 
of the aromatic compounds. The one postulates the presence in benzene 
of three double bonds; the other holds that there are no such linkages. 
According to one formulation the two ortho positions may be different, 
and according to the other they are quite indistinguishable. Out of the 
enormous accumulation of facts regarding the reactions of the aromatic 
compounds there should be evidence sufficient to distinguish between 
the two possibilities, and in the following pages an effort will be made 
to evaluate the pertinent material. It also may be possible to show that 
one formula or the other offers a better explanation of certain facts and 
hence is the more likely to be true. Since the Kekul6 formula alone can 
be compared with known types, it must bear the entire burden of the 
proof, with respect to both the direct and the circumstantial evidence, 
and the following survey will consist largely of an inquiry into the 
validity and the usefulness of the Kekul6 formula. 

The Question of the Presence of Double Bonds. Evidence derived 
from reactions of synthesis and of degradation lacks conviction because 
of the possibility that the double bonds known to be present in the 
starting materials, or found in the degradation products, disappear with 
the formation of the ring, or appear with its rupture. It may be said 
only that the Kekul6 formula offers a ready and satisfactory interpreta¬ 
tion of such reactions. Examples of syntheses which would be expected 
to yield cyclohexatriene derivatives are found in the polymerization of 
acetylene at 500° to benzene, the formation of masitylene from acetone, 
and Barbier and Bouveault’s synthesis of pseudocumene (1). As ex- 
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** Barbier and Bouveault, Compl. rend., ISO, 1420 (1595). 
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amples of degradations which seem to reveal the presence of double 
bonds in the aromatic nucleus, mention may be made of the oxidation of 
benzene by catalytic methods to maleic acid (2), and of the oxidation 
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of the hydrocarbon in the organism of the dog to muconic acid “ (3). 
Another reaction which appears to follow the course ordinary for unsat¬ 
urated compounds is the oxidation of )3-eaphthol with permanganate 
or with peracetic acid (yield, 73 per cent) ^ to o-carboxycinnamic acid (4). 



More secure evidence for the presence of double bonds in aromatic 
rings Is furnished by the isolation of certain products of addition. 
Addition products are encountered much le,ss frequently with benzene 
than W'ith the polynuclear hydrocarbons, but a few definite examples of 
such substances are known. Although benzene is somewhat more resis¬ 
tant to hydrogenation than open-chain unsaturated compounds, the 
absorption of three moles of hydrogen proceeds .smoothly when a suit¬ 
able catalyst is used and all traces of thiophene are eliminated from 
the hydrocarbon. Benzene also is capable of adding three moles of chlo¬ 
rine or of bromine without liberation of hydrogen halide. The reactions 
proceed rapidly under the accelerating influence of light and in the 
absence of oxygen, which has a pronounced anticatalytic effect.®® The 
reaction with ozone is particularly convincing, for with ordinary com¬ 
pounds the formation and degradation of an ozonide is taken as excellent 
evidence of the presence of a pair of unsaturated carbon atoms. The 
reaction of benzene with ozone does not proceed very smoothly, but 
there is formed a triozonide which undergoes decomposition in the usual 
way to give glyoxal.®’ An addition involving only one of the three 
centers of unsaturation has been observed in only a single instance. 

»• JaffA Z. phusiol. Chem., 61 , S8 (1909). 

** Ehrlich and Benedikt, Monateh.^ 9 , 627 (1888). 

B5es«ken and von Konigsfeldt, Rec- tran. chim,, 54 , 313 (1936). 

*• Luther and Goldberg, Z. physik. Ch«m,^ 66 , 43 (lOOG). 

Harries and Weiss, Ber., 37 , 3431 (1904); Harries, Ann., 343 , 31^ (1906). 
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Buchner *® found that diazoacetic ester reacts with benzene at 150° with 
loss of nitrogen and addition of the acetic ester residue to adjacent posi¬ 



tions in the ring. The formation of a norcaradiene carboxylic acid ester 
is entirely analogous to the production of cyclopropane esters from 

+ if^CHCOjR ^ ^^CHCOsR + Nj 

aliphatic ethylenic compounds. Similar products were obtained from 
toluene and the three xylenes, while with mesitylene the cyclopropane 
derivative, if formed, is isomerized at once to a cycloheptatriene deriva¬ 
tive. 

Though it is possible with the aid of suitable assumptions to account 
for these reactions on the basis of the centric electron formula, the sim¬ 
plest explanation of the formation of addition products in the reaction 
of benzene with ethylenic reagents is that ethylenic bonds are present 
in the molecule. Consequently, it is a matter of importance to consider 
more fully the possible location of these bonds in some of the substitution 
products of benzene. 

The Question of Isomeric Eekule Forms. The fact that isomeric 
ortho compounds have not been discovered is a far less valid objection 
to the Kekul6 formula today than when Ladenburg originally raised the 
question. A similar argument was once cited against the Sachse-Mohr 
non-planar formula for cyclohexane, and for many years the formula was 
rejected largely because it predicted two isomers where none were found. 
Isomeric forms of cyclohexane itself are still unknown, and yet on the 
basis of other eAridence the Sachse-Mohr theory (p. 69) has been firmly 
grounded. There is reason to believe that more than one form of cyclo¬ 
hexane can exist, but that the difference between the forms is very slight 
and that the transformation of one form to another can be accomplished 
with very little expenditure of energy. This is no true analogy to the 
case of benzene, but rather an interesting historical parallel. There are, 
however, some analogies for the interconversion of possible isomers by 

•Buchner and Curtiua, Ber., 18, 2377 (ISSfi); Buchner, Ber., S8, 106 (1896); Buchner 
•ml Helhr&ck, Ann., SSS, 1 (1908); Buchner and Sohulse, Ann., 877, 260 (1010); Buchner 
aad Sc^kottenbammer, Ber., S3, 866 (1920). 



« 


AROMATIC CHARACTER 135 

the shifting of double bends. Methods calculated to yield the methoxy- 
indenes I and II have been found to give a single compound.®* Another 

CH,0 CHsO 



H2 


I II 

example is from the field of the heterocyclic compounds. Knorr found 
that each of the isomeric pyrazole derivatives, III and V, can be con¬ 
verted by oxidation of the substituted N-phenyl group, and decarboxylar 
tion, into a methylpyrazole. The same product was obtained in each 

CH-CCHs CH-CCHa CH—CCHa CH—CCH, 
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case, and consequently it is seen that the structures IVo and IVb prob¬ 
ably represent mobile tautomers. This methylpyrazole, it may be noted, 
is in every sense an aromatic compound, for it can be nitrated or sul- 
fonated, and on oxidation the methyl group is attacked rather than the 
ring. 

Pairs of isomers no more e.xist in these instances than with ordi¬ 
nary ortho derivatives of benzene, and this is true even though the 
interconversion involves, in addition to a shifting of double bonds around 
a symmetrical ring, the migration of a hydrogen atom. The view of 
Victor Meyer that the difference between the ortho isomers would be 
so slight as easily to escape detection appears to be altogether rational. 
Graebc ** took much the same view, but added the further suggestion 
that for each ortho compound one of the Kekul6 structures may be 
slightly more stable than the other, and that the conversion to this more 
stable form probably takes place with great ease. Reddelien further 
remarked that the ortho isomers should be regarded as tautomeric, and 
he expressed the view that the introduction of heavy groups might 
stabilize one tautomeric form to the extent that this might be detectable, 
possibly by some delicate diagnostic reaction. He suggested the use of 
ozone, and it is interesting to note that this reagent has indeed been found 

" Iiigold and Piggott, J. Chem. Soe., US, 1409 (1923). 

“ Reddelien, J. pralU. CKem., [2] 91, 213 (191fi). 
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to serve the purpose. Levine and Cole “ obtained three prodvicts from 
the ozonization of o-xylene, namely, glyoxal, methylglyoxal, and diacetyl. 
Neither form of the xylene could yield all three oxidation products, and 
hence it was concluded that the hydrocarbon consists of an equilibrium 
mixture of the two Kekul4 forms. This important observation has been 
repeated and fully confirmed by Wibaut and Haayman,^ who isolated the 
three carbonyl compounds as the oximes in total yield of 20 per cent and 
in the ratio calculated for a mixture of equal parts of the two Kekul 6 
forms. 

Mills and Nixon ^ were led to suspect that the attachment of an 
alicyclic five-membered ring may result in a stabilization of one of the 
Kekul4 forms, or a fixation of the bond structure in the benzenoid nu- 


CH3 

CO 

CH3CO 'CHO^ 
CHO 

CHO 




cleus. According to the van’t Hoff model, the free bonds in the system 
>C==C< of an aliphatic compound lie in a plane, and the angle a 
between each pair of single bonds is the same as that between the carbon 
valences of methane (109.5°). The angle /S which the single bonds make 
with the plane of the double bond is then |^(360°-109.5°) = 125.25° 
(see Fig. 2a). The angles /3 and v are in this case identical and they are 



Fig. 2a 



considerably greater than the angle a. When the double bond becomes in¬ 
corporated into a Kekul4 ring (Fig. 26) the situation is altered slightly, for 
the internal angle 7 is reduced from 125.25° to 120° to accommodate ring 
formation and a + ^ consequently is increased by 5.25°. Whether this 

Levioe and Cole, J. Am. Chem. Soc., M, 338 (1932). 

“Wibaut and Haaymon, Nature, 144, 290 (1939); Science, 94, 49 (1941). 

“Mills and Nixon, J. Chem. Soc,, 2610 (1^0). 
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increment is considered to increase one or the other external angle, or 
to be distributed proportionately between them, /3 will remain appreci¬ 
ably larger than a. The conclusion is reached that the external valences 
in the Kekul4 ring are not directed toward the center of the hexagon but 
are inclined at a greater angle from the double bonds of the ring than 
from the single bonds. Mills and Nixon reasoned further that a five- 
membered ring can be fused to the Kekul4 structure with little distortion 
of the normal tetrahedral angles if it is attached to ortho carbon atoms 
joined by a single bond (position x, Fig. 2h), for two of the smaller a 
angles are then incorporated in the new ring. If, however, the attach¬ 
ment were made to doubly bound carbon atoms {y), the new ring includ¬ 
ing the /3 angles would be under considerable strain. In consequence of 
these relationships, the Kekul4 form of hydrindene in which the carbon 
atoms common to the two rings are joined by a single bond should be 
more free from strain, or more stable, than the alternate form in which 
there is a double linkage between the rings. 

As a means of testing this prediction of the stereochemical theory. 
Mills and Nixon investigated the diazo coupling and the bromination of 
5-hydroxyhydrindene, the two Kekul4 forms of which are shown in 
formulas Via and VI6. The coupling reaction of phenols is closely related 
to the coupling of aliphatic enols with diazotized amines, and it is rea¬ 
sonable to suppose that in each case the reaction involves an enolic 
double bond, —C(OH)=CH—. Similarly, the ready brominations of 
phenols and enols appear to be related phenomena and the processes 
very probably take place by analogous mechanisms. Without making 




any specific assumptions regarding the manner in which the enolic double 
bond participates in these reactions, it can be inferred that the ortho 
coupling and ortho bromination of phenols involve substitution at the 
carbon atom connected to that carrying the hydroxyl group by a double 
linkage, rather than at the alternate ortho position. If the bonds of 
5 -hydroxyhydrindene are fixed in the positions shown in Via, coupling 
and bromination should occur at the enolic ortho position 6, while the 
alternate form of the compound, VI6, should be substituted at position 
4. Mills and Nixon found that the substance is attacked very largely 
in the G-position (arrow), and this seemed to bear out thfe theoretical 
deductions. The observation, however, loses some of its significance 
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because of the fact that os-o-xylenol (VII) yields similar substitution 
products, for this might mean that the chemical effect of the alicyclic 
ring is sufficient, without assistance from a steric factor, to direct sub¬ 
stitution largely into one of the two available ortho positions. On the 



VII VIII 


other hand, the contrasting behavior of 6-hydroxytetralin (VIII) was 
considered by Mills and Nixon to support the alternative interpretation. 

A preferential reaction at one of two available ortho positions may 
be the result of an only moderate preponderance of one of the tautomeric 
Kekul4 forms, or of a slight difference in reactivity between them, and 
does not necessarily indicate a rigid fixation of the bond structure. A 
test calculated to detect any fixation of a major character was applied by 
Fieser and Lothrop ** and, more extensively, by Lothrop.“ Diazo coup¬ 
ling tests were made with 5-hydroxy-6-methylhydrindeno, IX, in which 
the 6-position is blocked and only the alternate ortho position 4 is 
available, and of the derivative X in which this situation is reversed. 



IX X 


Both compounds were found capable of forming azo derivatives, and in a 
weakly alkaline medium coupling with diazotized p-nitroaniline occurs 
in each case to about the same extent as observed with 2,4-dimethyl- 
phenol. The only difference noted between IX and X is that the coupling 
of the former is inhibited by strong alkali somewhat more effectively 
than is the coupling of the latter compound, or of /3-naphthol. Alkyl 
derivatives of 6-hydroxytetralin similarly showed no fixation of one or 
the other bond structure. The introduction of a blocking methyl group 
at the 7-po8ition (XI) does not interfere with coupling at position 5, and 
the 5-substituted derivative XII is attacked readily at the free position 
7. Lothrop found further that the allyl ethers of the hydroxyhydrindenes 
IX and X undergo the Claisen rearrangement to e-allylphenols without 

^ Fioatr and Lothrop, J. Am. Chan. Soc., S8, 2050 (1936); 59, 946 (1937). 

« LotlBop. ibid., 92, 132 (1940). 
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difficulty. Parallel observations were made in the fluorene series." The 
results indicate that if any bond fixation exists among hydrindene and 
tetralin derivatives it can be at most of a qualitative nature and is not 
comparable with that characteristic of naphthalene (see below). 
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Various observations do indeed indicate that a certain qualitative 
differentiation exists between the two Kekul6 forms of hydrindene, with 
respect to stability or abundance, and that this is in the direction pre¬ 
dicted by Mills and Nixon. Sidgwick and Springall approached the 
problem by studying the dipole moments (p. 1752) of suitable o-dibromo 
substituted compounds. The moment of the group Br—C—C—Br in 
6,7-dibromotctralin (XIH) was foimd to be 2. IS, and this corresponds ex¬ 
actly with the ro.sult obtained for the similarly constituted dibromo-o- 
xylene and agrees well with the value calculated on the assumption 
that there is no bond fixation (2.12). For the hydrindene derivative 



XIII XIV 


XIV, on the other hand, the observed moment of 1.78 indicates an 
essential difference in structure and is close to that calculated on the 
basis of the Mills-Nixon hypothesis that the angle between the ortho 
linkages extending to the bromine atoms is abnormally large. Studies 
of competition reactions " and of relative reactivities " of hydrindene 
derivatives point in the same direction. The use of derivatives of 
the hydrocarbon for the inve.'stigation of bond structure introduces 
some element of uncertainty because of the possibility that the sub¬ 
stituent may tend to stabilize one of the Kekul6 forms. Long and 

*« Lothrop. ibid., 61. 2116 (193«). 

” Sidgwick and Springall, Chemistry & Industry, 476 (1036); J. Chen. Soc., 1532 
(1938). 

*• Lindner and co-workers, Monatsh., 72. 354, 355, 361 (1939), 

Baker, J. Chem. Soc., 476 (1937): McLash and CampbeU, tWd., 1103 (1937); Sandin 
and Evans, J. Am. Chem. Soc., 61, 2916 (1939). 
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Fieser “ found application of the diagnostic ozonization method to hy- 
drindene to be complicated by the oxidation of a considerable amount of 
the hydrocarbon to «-hydrindone. From the part of the material which 
underwent normal ozonization, the only cleavage fragments isolated 
were those arising from the Kekul4 form postulated by Mills and Nixon 
to have preferential stability. Under the conditions of the experiment 
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cyclopentanedione-1,2 is converted, probably through the enol, into 
succinic acid. 

The observations as a whole show that, although there is no rigid 
fixation of bonds in the hydrindene system, a definite preference exists 
for one structure. 

Other instances of a preferential stabilization of one Kekul^ form are 
reported by Baker. From a study of various o-hydro.xy-acetophenones, 
this investigator came to the conclusion that the formation of a six- 
membered chelate ring (p. 1868) containing coordinately linked hydro¬ 
gen, as shown in formula XV, is dependent upon the presence of a double 
bond between the carbon atoms bearing the hydroxyl and acetyl groups. 
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The conjugation of this double bond with that of the acetyl group appar¬ 
ently stabilizes the coSrdinate linkage, smd if no double bond is available 
at this position, as in XVI, chelation does not occur. From these con- 
fflderations it seemed possible that the formation of a chelate ring might 

** Look and Piesea', J. Am. Chem. 80 c., 82, 2070 (1040). 

•> Balcer, J. Chem. Soc., 1684 (1934). 
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determine the Kekul6 structure to a detectable extent, and in order to 
test this point Baker and Lothian “ investigated the Claisen rearrange¬ 
ment (p. 189) of the 4-aIlyl ether of resacetophenone, XVII. In this 
compound, chelation between the hydroxyl and acetyl groups would 
require the presence of a double bond in the 1,2-position, and conse¬ 
quently this would result in a stabilization of the Kekul^ structure shown 
in the formula. The migration of an allyl group from oxygen to carbon 



XVII XVIII 


occurs with aliphatic enols as well as with phenols, and no reasonable 
mechanism for the reaction can be devised without assuming the partici¬ 
pation of the double bond; —C(OCH 2 CH=CH 2 )=CH-> —C(OH[) 

= C(CH 2 CH=CH 2 )—. If the bond structure of the resacetophenone 
ether XVII is fixed as shown, the ally! group should migrate to the 3- 
position to give XVIII, and it was found that this isomer is indeed formed 
in not less than 85 i>er cent yield. That the course of the rearrangement 
is controlled by the chelation in the molecule was established by the 
results of an experiment with 2-0-methy!-4-0-allylresacetophenone, XIX. 
The replacement of the phenolic hydrogen atom by a methyl group makes 
chelation impossible, and consequently there should be no fixation of a 
Kekul4 structure. On rearrangement of the ether it was found that the 
allyl group migrates largely to the 5-position, giving the usual type of 
symmetrically substituted product. The contrasting behavior of the 
free hydroxy compound, XVIII, therefore is of definite significance. In 
order to gain some idea of the extent of the bond fixation in chelated 
compounds, Baker and Lothian investigated the rearrangement of the 



XIX XX 


ether XX, in which the migration of the allyl group to the favored 3- 
position is prevented by the presence of a blocking group. The rear- 

Baker and Lothian, 628 (1935). 
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rangement of the substance proceeded somewhat slowly, but the fact 
that a reaction was observed shows that the bond structure is not en¬ 
tirely rigid. The unusual ortho substitution observed with XVII, how¬ 
ever, shows that chelation can exert an influence in displacing the 
equilibrium between Kekul6 tautomers, and similar observations were 
made in a study ** of o-hydroxypropiophenones and o-hydroxybenzal- 
dehydes. 

The recognition of cases in which differences exist between alternate 
ortho positions in the nucleus is opposed to the idea that all six of the 
nuclear linkages in the ring are identical. The evidence cited constitutes 
a serious argument against all the many formulations embodying the 
concept of a centric structure. On the other hand, the feature of the 
Kekul4 formula which originally was considered to be a weakness of this 
theory now appears to provide a means of accounting for phenomena 
which are not otherwise understandable. 

Comparison of Benzene with Conjugated Compounds. Though the 
evidence above favors the Kekul4 theory, there remains for consideration 
the problem of accounting for the inert character of benzene in terms of 
the oyclohexatriene formula. The classical objection that this formula 
appears to represent a condition of far greater reactivity than is actually 
observed was based originally on a comparison of benzene with simple 
substances such as ethylene and acetylene, and the differences in the 
nature of the characteristic reactions and in the reactivities are of course 
enormous. It has become apparent, however, that the double bond 
shows surprising differences in reactivity according to its environment 
(p. 631). An extreme illustration is that, although ethylene adds bromine 
with ease, the double linkage of letraphenylethylene remains unattacked 
while bromine atoms enter the four phenyl groups.*^ 

(C6H0*C==C(C»Hj) 2 + 4Br2 (C«H 4 Br)sC==C(C 6 H 4 Br)* -t- 4HBr 

In this highly substituted ethylenic hydrocarbon the relative reactivity 
of the simple types is reversed, possibly because of the conjugation of 
the double bond with the phenyl groups. 

It is indeed rather with open-chain compounds which are conjugated 
that benzene is most properly compared. It may appear odd that the 
double bonds of benzene are inert to hydrogen bromide whereas this 
reagent adds easily to ethylene, but an entirely similar inertness is 
exhibited by diphenylbutadiene, C8H6CH==CHCH==CHC6 Hb. Various 
oonditions of reaction have been tried, but vmder no circvimstances has 

'*B^er sad LotliiaD, ibid., 274 (1936). 

MBUtz, Ann., SM, 231 (1807); Bauer, Ber., 37. 3321 (1904). 
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an addition of hydrogen bromide to this hydrocarbon been observed." 
In a study of the properties and transformation products of the a-nitro 
derivative of diphenylbutadiene, Wieland and Stenzl " observed further 
indications of the relatively saturated character of the conjugated sys¬ 
tem of the compound and of the marked tendency of dihydro derivatives 
to revert to the more stable diene type. The substance may be said to 
possess definite “aromatic” characteristics. 

Still more illuminating is the comparison afforded by the work of 
Kuhn and Winterstein on the series of diphenylpolyenes of the general 
formula C 6 Hg(CH=CH)„C 6 H 5 . One of the most striking observations 
recorded Is that these polyenes are all unusually resistant to oxidation 
by permanganate and that the most stable member of the series is 
diphenylhexatriene (I). The hydrocarbon is attacked hardly at all by 
permanganate in soda solution, and in acetone the triene is oxidized 
more slowly than diphcnylethylene, diphenylbutadiene, or even diphenyl- 
octatctraene. The difference in reactivity is by no means as great as 
that between benzene and cyclobctatctraene, but the results indicate 
that probably the length of the conjugated system is a factor of some 
importance. Diphenylhexatriene also resembles benzene in the stability 

CH==CHCH==CHCH=CH 

I 

of the unsaturatod system in comparison with the dihydride structure. 
The dibromide is not a stable substance but readily reverts to the triene 
type by the Iqss of bromine. On hydrogenation in the presence of palla¬ 
dium charcoal, the triene system is completely reduced and, as in ben¬ 
zene, intei-mediate di- and tetra-hydrides appear to be more easily 
reduced than the starting material, for they are not present in the mix¬ 
tures obtained on partial hydrogenation. Using platinum oxide and 
a suitable solvent it is possible to hydrogenate also the phenyl groups 
at the ends of the cjiain. The rings are attacked somewhat less readily 
than the chain, but the difference is not great. 

With the use of aluminum amalgam the diphenylpolyenes can be 
convei-ted into dihydro compounds, the addition of hydrogen occurring 
at the ends of the open-chain conjugated system. Diphenylhexatriene 
(I), for example, yields dibenzylbutadiene, II. The dihydro derivatives 
such as II are highly reactive, easily polymerized substances, and they 
lack entirely the peculiar stability, or near-aromatic character, of the 

“ Hinrichsen, Ann., S36, 189 (1904); Zincke and Milblhsusea, Ber., S8, 767 (1905). 

M Wieland and Stenul. Ann., 860. 306 (1908). 

** Kuhn and Winteretoin, Hdv. Chim. Acta, 11, 87 (1928). 
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more highly unsaturated compounds. The marked change in properties 
attending the reduction seems to be attributable to the fact that the 
addition of hydrogen breaks the conjugation of the original polyene 
system with the unsaturated centers in the terminal aromatic rings. 


<^^^y-CHiCH=CHCH=CHCHii— 

II 


The new polyene system established in a dihydro deriv^ative is separated 
from these rings by methylene groups and consequently occupies an 
isolated position in the chain. It is apparent that an open-chain polyene 
system attains maximum stability when it is conjugated with phenyl 
groups at the ends of the chain. It is but a step further to the more 
perfect conjugation of benzene, where the hexatricne system ends in 
itself. The special character of the aromatic ring perhaps is duo largely 
to a type of conjugation which by its nature cannot be reproduced ex¬ 
actly among open-chain compounds. 

In the aliphatic series, conjugation of a caibonyl group with an ethyl- 
enic linkage or a diene system often promotes, or appears to promote, 
reactions at these centers. Muconic acid, for example, is easily reduced 
by sodium amalgam and alcohol to the dihydride (1). Whether or not 
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the reaction proceeds through a primary addition to the carbonyl groups, 
it finds an exact parallel, at least on the basis of the Kekul4 formula, in 
the reduction of terephthalic acid by the same method (2). Another 
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example is in the forced Grignard reactions discovered by Gilman and 
by Kohler (p. 506), where a phenyl group conjugated with an unsatu¬ 
rated side chain participates in a 1,4-addition. 

An interesting comparison of another sort is that l-phenyl-4-amino- 
butadiene, C 6 HgCH=CHCH=CHNH 2 , was found by Muskat to re¬ 
semble aniline in being stable in the amino, rather than the imino, form. 
Attempts to prepare eneamines, > 0 =C(NH 2 )—, ordinarily yield 
instead the corresponding ketimines, >CHC(—NH)—. The same 
worker “ found that bromine adds to the terminal bond of vinylacrylic 
acid and that the product easily loses hydrogen bromide to give the 
3-bromo derivative (3). The series of reactions forms an interesting 
parallel to meta substitution in the benzene ring, as in the conversion 
of benzoic acid to the m-bromo derivative. 

There is ample evidence that aromatic substances resemble open- 
chain conjugated compounds in many ways, and the objection that the 
Kekul4 formula docs not adequately represent the inert character of the 
ring largely vanishes when comparison is made with suitably constituted 
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compounds. Further exploration of open conjugated systems is highly 
desirable, for this may be expected to afford a further insight into the 
nature of the closed systems. 

The Structure of Naphthalene. Much of the literature pertaining 
to the structure of naphthalene bears the imprint of a theoretical con¬ 
cept introduced by Bamberger® in summarizing the results of his 
classical studies of the reduction of naphthalene derivatives. Bamberger 
had found that naphthalene can be reduced easily to tetralin (I) by 
means of sodium and boiling amyl alcohol, and that the reaction stops 
with the introduction of four atoms of hydrogen. Under similar condi¬ 
tions a-naphthol is attacked almost entirely in the unsubstituted ring, 


** Muskat and Grimsley, J. Am. Chem, Soc., 66, 3762 (1933). 
Muskat and co-workers, ibid., 68, 326, 812 (1930), 
Bamberger, Ann., 267, 1 (1890). 
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giving ar-a-tetralol (II), while (3-naphthol yields chiefly oo-/3-tetralol 
(III), a product of the alternate t 3 ^e. Because compounds of the 
naphthalene series can be reduced by reagents which leave an isolated 
benzene ling untouched, Bamberger regarded naphthalene as endowed 
with special properties which place it in a class distinct from benzene. 
He called attention to the peculiar character of the naphthols, which, 
in contrast to phenol, yield ethers on reaction with an alcohol and a 



mineral acid. Such special properties vanish on partial hydrogenation, 
according to Bamberger, for the unsaturated ring of tctralin resists 
further reduction with sodium and therefore is truly benzenoid, and 
ar-a-tetralol (II) forms no ethers by the method indicated and is a true 
phenol. The ring of naphthalene which is susceptible to reduction is 
not aromatic, so the argument runs, and, since both rings appear to be 
identical, naphthalene contains no truly benzenoid, or aromatic, rings. 
Bamberger concluded that naphthalene is fundamentally different from 
benzene and must be aasigned some special formula. 

The argument appears fallacious because it confuses differences in 
degree with differences in kind. The differences cited are merely mani¬ 
festations of a greater reactivity of the naphthalene system as compared 
with the isolated benzene nucleus. There is considerable variation in 
reacti\ity in the benzene series itscilf, and the line of demarcation is not 
as sharp as was at one time supposed. Though the formation of ethers 
under the conditions of the Fischer esterification reaction is in general 
characteristic of naphthols and not of phenols, the pre.sence of activating 
groups may render a compound of the benzene series capable of entering 
into the reaction. This is true, for example, with phloroglucinol.'* An¬ 
other supposedly special property is that a- and ^naphthylamine couple 
directly with diazonium salts to give aminoazo compounds, whereas 
primary amines of the benzene series usually give diazoamino compounds 
in the initial reaction and yield azo derivatives only by the subsequent 
rearrangement of the product. In a discussion of the coupling reaction 
given later in this chapter, reference will be made to the observation that 
direct coupling may be achieved also in the benzene series by selecting 

« WiU and Albrecht, Bcr., 17.2106 (1884); Weidel and Poliak, Manatsh., 21, 22 (1900) 
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suitable conditions or by using sufficiently reactive components, and it is 
clear that no fundamental difference is involved. The only significance to 
be attached to these and other interesting comparisons is that the 
unsaturated system of naphthalene is more reactive, more susceptible to 
attack, than that of benzene. Naphthalene is characterized by a gen¬ 
erally greater susceptibility to oxidation, reduction, and substitution, 
particularly in the a-position, but there is no more justification for 
attempting to represent these facts by means of a special formulation 
than there would be for a particularly reactive benzene homolog. The 
fact that the carbonyl group of a ketone is more reactive than that of an 
ester is not a sufficient reason for supposing that the kind of unsaturation 
is different in the two compounds. 

Bamberger even went so far as to use different formulations for a~ 
and /8-naphthol because of the different direction of the reduction in the 
two cases, but further hydrogenation studies have eliminated any experi¬ 
mental basis for such a hypothesis. By the selection of suitable catalysts, 
^-naphthol can be tetrahydrogenated in either ring.® The course of 
the catalytic hydrogenation of the hydrocarbon itself can be summarized 
in the following statements. With nickel catalysts naphthalene is con¬ 
verted first into tetralin and then, more slowly, into decalin. Platinum 
catalysts usually give similar results, but Willstiitter ® found that, with 
one particular type of catalyst containing very little oxygen, decalin was 
produced directly from naphthalene without the intermediate formation 
of tetrahn. Zelinsky ^ found, conversely, that decalin on partial dehy¬ 
drogenation at 300° yielded naphthalene and unchanged decalin, but no 
tetralin. To the extent that such reactions can be relied upon, they 
afford some indication that naphthalene has a symmetrical structure. 

Although reduction and hydrogenation studies have figured even 
more prominently in the theoretical discussions of the literature than is 
indicated by the brief review given above, they cannot be said to have 
contributed greatly to the solution of the problem. Attempts have been 
made to deduce the structure from quantum mechanics,® and from stud¬ 
ies of various physical properties of naphthalene derivatives, including 
molecular refractions,® dipole moments,®’ ® dissociation constants,® ab- 

HOckel. Ann., 461, 109 (1926). 

•• Willstatter and Hatt, JScr., 46, 1480 (1912); WUlstfitter and Seitz, Ber., 66, 1388 
(1923). 

“ Zelinsky, Ber., 66, 1723 (1923), 

*• Pauling and Wheland, J. Chem. Phya., 1, 362 (1933). 

•• V. Auwers and FrUhling, Ann., 4M. "206 (1921 ); v. Auwerz and KroUpfeiffer, Ann. 
430, 243 (1923). 

Hampaon and Weiasberger, J. Chem. Sac,, 393 (1936). 

*• Bergmann and Hirahberg, ibid., 331 (1936). 
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sorption spectra,*® and Raman and infrared spectra,™ but the results have 
not been decisive. 

A chemical criterion of the structure was recognized by Marckwald 
in 1893. Marckwald called attention to the marked difference between 
the two positions ortho to the functional group of /J-naphthol or /3-naph- 
thylamine, and he observed that the symmetrical Kekul6 formula for 
naphthalene suggested by Erlenmeyer (1866) provides a rational inter¬ 
pretation of the difference. As applied to /3-naphthol, this formula (IV) 
Qjj indicates that the ortho carbon atom at position 1 
is joined by a double bond to the atom cariying 
the functional group, while the connection between 
the alternate ortho position 3 and position 2 is by 
means of a single linkage. One ortho carbon atom 
is part of an enolic unit, while the other is not, and, if the bonds are 
immobile, the difference in the functions of the two ortho positions is 
easily understandable. Many facts have accumulated in support of the 
view that there is a double bond at the 1,2-position and a single bond 
at C 2 *C/ 3 . 

One tine of evidence is from the coupling reaction, or rather from its 
failure in certain specific cases. (3-Naphthol couples at position 1, but 
if this position is blocked by a stable group (alkyl), as in V, no coupling 
with diazotized amines occurs. A less stable group (carboxyl, halogen) 
at the l-position is displaced by the reagent, and in no case is the other 
ortho position attacked. The failure of V to react cannot be ascribed 




to the known lower degree of reactivity of the ^-positions of naphthalene 
in comparison with the a-positions, for 4-methyl-1-naphthol (VI) couples 
easily in the ^position, C 2 . It is not merely a difference in the degree 
of reactivity which is involved, but a difference in kind, and the only 



y 0CH*CH=CH2 
/ 


CH2CH=CH4 



•* d« Laszlo, J. Am. Chem. Soc., #0, 892 (1928). 
"Kbllliauiich, Ber., 68, 893 (1936). 

^Mon^ald, Ann., 374, 831 (1893); 379, 1 (1894). 


(1) 
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plausible explanation is that the double bond required in some way for 
the coupling is available at one position and not at the other. The 
conversion of jS-naphthyl allyl ether into l-allyl-2-naphthol by the 
Claisen reaction (1) represents a substitution by way of an intramolecular 
rearrangement (p. 189), and it conforms to the same rules. An alkyl 
substituent at the 1 position effectively prevents the rearrangement. 
If the reaction is considered to coasist in an a,y shift, it may be said that 
the failure of a 1-substituted ether to rearrange shows that the carbon 
atom at position 3 cannot form the end of an a,y system, and hence that 
the double bond is incapable of migrating to the 2,3-position, even at the 
boiling point of the ether. The Skraup reaction, which may involve still 
another type of substitution, formed the central point in Marckwald’s 
discussion of the problem. The pyridine ring produced in the Skraup 
reaction of /3-naphthylamine with glycerol, sulfuric acid, and an oxidizing 


agent (2), extends to position 1 and not 3, and Marckwald found that in 
similarly constituted compounds a methyl group at position 1 prevents 
the reaction while a bromine atom may be displaced. Apparently there 
is a general disposition for cyclization to occur in such a way that the new 
ring includes a double bond of the original ring system, although Fries 
has noted that this is not an invariabk* rule, for l-chloro-2-naphthylamino 
yields a considerable amount of the linear tricyclic compound in which 
the chlorine atom is intact. 

Further evidence of a fixed bond structure in at least a part of the 
naphthalene molecule is furnished by reactions involving the replace¬ 
ment or modification of a functional group rather than a nuclear substi¬ 
tution. An interesting case is the etherification of naphthols with an 
alcohol, using an acid catalyst (3).''* * Davis found that the etherifica¬ 
tion is almost completely stopped by a halogen atom or a nitro group 
in the 1-position, and Fie.ser and Lofhrop '® observed that alkyl groups 
in this position also strongly inhibit the reaction. It was found that the 
effect of substitution at the alternate ortho position 3 is of an entirely 

” Claisen, Brr., 48, 3157 (1912). 

Fries, Ann., 816, 285, footnote (19,35). 

Liebermann and Hagen, Ber., 18, 1427 (1882). 

* The conversion of naphthols into dinaphthyl ethers, observed by Graebe, Ber., 23 
1849 (1880), probably is a modification of the same reaction. 

" Davis, J. Chem. Soc., 77, 33 (1900). 

Fieser and Lothrop, J. Am. Chem. Sac., 67, 1459 (1935). 
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different nature. An alkyl group at C 3 actually promotes the etherificar 
tion reaction, and the influence jis about the same when the alkyl group 
is located at position 6 in the adjoining nucleus. A bromine atom im¬ 
pedes the reaction to some extent when it occupies either the 3- or the 6 - 
position. The influence of a substituent at C 3 therefore appears to be of 
a chemical, and not of a stereochemical, nature. The proximity in space 



VII vui 


of the substituent to the hydroxyl group evidently is not a factor of im¬ 
portance. An apparently related observation is that p-nitrophenol fails 
completely to react under conditions sufficient for accomplishing a partial 
etherification of phenol itself.^ From the limited information available, 
it appears that groups which facilitate ordinary aromatic substitutions 
promote the etherification when located at certain positions other than 
Cl, whereas groups which retard aromatic substitutions (m-directing 
groups and halogen atoms) have the opposite effect. Substituents of both 
types, however, effectively block the etherification when locaUni at 
position 1. It may be inferred that this blocking i.s not ordinary stcric 
hindrance, for it occurs only when the group in question is situated at 
one of the two ortho position.s. That one of these po.sition.S has double- 
bond characteristics which the other lacks seems to provide an adequate 
basis for interpreting the difference. A mcchani.stic explanation of the 
etherification reaction was suggested by Henry' and extended by Weg- 
scheider,^ who supposed that an intermediate addition product is formed 



VIII + H 2 O (4) 


and subsequently loses water (4). If alcohol indeed adds to the 1,2- 
double bond, the blocking effect of a substituent attached to this linkage 
at the l-position would be understandable. 

While formula IX repre-sents an intermediate which is purely hjqK)- 
thetical, Buchcrer isolated an addition product from ^-naphthol and 

^ Wogaoheider, MoruiUh., 16, 76 (1896) ; 18, 639 (1897). 

« H«iiy, Bar., 10, 2041 (1877). 

1* Bucherer, /. pr<M. Chem,, 68 , 40 (1904). 
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sodium bisulfite which Vorozhtzov ** regarded as having an analogous 
structure, X. The substance may be an intermediate in the amination 


H H 



X 


of )3-naphthol with bisulfite and ammonia (Bucherer reaction), and it is 
possible that the conversion of /3-naphthol into |3-naphthylamine with 
ammonia alone involves a similar addition. Here, an alkyl group at the 
1-position should inhibit the reaction. Vorozhtzov has pointed out that 
the failure of phenol to react with ammonia in the manner of the naph- 
thols is merely because the mononuclear compound does not possess the 
requisite reactivity. Amination can be accomplished with the more re¬ 
active phloroglucinol. 

Convincbig evidence that the double bonds of naphthalene are not 
free to migrate Ls furnished by the extensive series of investigations initi¬ 
ated by Th. Zincke and extended by Fries on the halogenation of 
naphthols and naphthylamines. A p-alkyl phenol with two free ortho 
positions is halogenated first at one of these positions and then at the 
other. If the first reaction in .some way involves aai enolic double bond, 
it is evident that the second substitution is preceded by the migration of 
the double bonds in such a way as to pro\'ide an enolic grouping suitable 
for this reaction. In contrast to this behavior, l-chloro-2-naphthoi does 
not form a 1,3-dihalo derivative but yields instead the ketohalogenide 
XII .81 82 Zincke interpreted the reaction as invohung an addition to the 
1,2-double bond, and, if this interpretation is correct, it may be said that 


Cl Cl Cl 



XI xii 


the halogen molecule, finding no such linkage at C 2 -C 3 , adds in this man¬ 
ner even though a blocking substituent is present. Fries ® has noted that 
the velocity of addition to —CCl=C(OH)— probably is less than to 
—C(OH)=CH—, were the latter system available. The overall reac- 

Voro*ht«ov, Bull. toe. ehim., [41 38, 996 (1924). 

“ Zinoke, Ber.. «1. 3378. 3640 (1888). 

"Fri«8 and SchimmeUohmidt, Ann., 484, 246 (1830). 

••Friea, Ann., 464, 121 (1027). 
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tion represents an equilibrium process, for Fries and Schimmelschmidt “ 
found that the transformation pictured in the formulas can be reversed 
by the action of hydrogen chloride»and a halogen acceptor. 

Many other ketones of analogous structure have been isolated and 
thoroughly characterized. The methylketochloride XIII is obtained 


H,C Cl HjC NO 2 Br NO* 



XIII XIV XV 


by the chlorination of l-methyl-2-naphthol, while the nitro ketones 
XIV and XV result from the action of nitric acid on the 1-substituted 
naphthols.® The ketonitro bromide XV is converted smoothly into 
^naphthoquinone when a solution of the substance in benzene is warmed 
gently.“ An interesting member of the series is the mixed haiogenide 
XVI, which has been prepared from both l-bromo- and l-chloro-2- 


C1 Br 



XVI 


naphthol.** That the same compound results in each case eliminates the 
possibility that one of the halogen atoms is attached to oxygen. The 
hypohalite formulation for the tjTie of compound under di.scussion is ex¬ 
cluded by an abundance of other evidence, for example that furnished by 
Zincke’s*' exhaustive study of the further halogenation and alkaline 
cleavage of the keto dichloride XII. On treating the mixed haiogenide 
XVI with zinc and acetic acid to effect reversion to an aromatic structure, 
the more reactive bromine atom is eliminated in preference to chlorine. 
Among other extensions of the abundant experimental evidence in this 
field which points to a fixation of the bond structure of naphthalene is the 
further study of the homo- and heteronuclear halogenation of |3-naphthol 
conducted by Fries and Schimmelschmidt.®’ ** 

The ketonic substance XIX represents the product of a different type 
of reactitm and belraigs to the 1,4- rather than the 1,2-dihydronapthalene 

** Fries and Hempelmaiui, Ber., 41, 2614 (1908). 

*• Fries and HObner, Ber., SB, 436 (1900). 

•* Fries. Ann., 389, 315 (1912). 

" Zincke, Ber., St, 3378, 3640 (1888). 

•• 8ee also B«U. J. Chem. Soc., 2732 (1932). 
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series. The compound was isolated ® as a by-product of the synthesis 
of vitamin Ki hydroquinone (XVIII), from methylnaphthohydroqui- 
none and phytol in the presence of oxalic acid. The by-product evidently 
arises from some form of addition of the reactive /Sj-y-unsaturated alcohol 



to the 1,2-bond of the starting material, and the formation of the normal 
product XVIII may be the result of an addition at the 3,4-position. 

A different method of probing for centers of unsaturation which 
involves no disturbance of these centers was developed by Mills and 
Smith."” The location of the > C=N— bond of the isoquinoline nucleus 



was established by noting its activating influence on a methyl group at 
Cl, and the absence of such an influence on a methyl group at C3. 1- 
Methylisoquinoline (XX) condenses with benzaldehyde and other re¬ 
agents, while the 3-isomer (XXI) is incapable of entering into such reac¬ 
tions. The activity of the methyl group of quinaldine (XXII) likewise 
can be attributed to the presence of a C : N linkage in the position 
shown."^ The observations indicate that quinoline and isoquinoline are 
analogous in structure to naphthalene. 

The exterusive and varied evidence leaves little ground for questioning 
the conclusion that the two ortho positions of d-naphthol differ in kind. 
The only rational interpretation that has been given of this striking fact 
is that the double and single bonds in a Kekul6 ring are fluted in the 
«,d- and did-positions, respectively. 

The establishment of the positions of the unsaturated centers in one 
part of the naphthalene molecule does not settle the problem of the 
complete bond structure. The facts cited may be explained on the basis 

•* Tisbler, Fieser, and Wendler, J. Am. CAem. Soc., 69, 1982 (1940) 

•» MiUa and Smith, J. Chem. Soc., 121, 2724 (1922). 

•I Henrioh, Ber., 82, 668 (1899). 
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of either the symmetrical formula used above or the unsymmetrical 
structure XXIIIa, although in the latter case some additional assump¬ 
tion would be required regarding the failure of the substance to exist in 
the alternate unsymmetrical form XXIIIfc. Fieser and Lothrop ex- 



xxiiio xxnifc 


tended to 2,6- or 2,7-dihydroxynaphthalene methods of investigation 
employed in the case of /3-naphthol. If 2,7-dihydroxynaphthalene has 
the fixed symmetrical structure XXIV, it should be attacked by substi¬ 
tuting agents at the two enolic ortho positions 1 and 8 , but if it has the 



XXIV XXV 


unsymmetrical structure XXV the disubstitution should occur at the 1- 
and 6 -po 8 itions. Actually, coupling occurs at the 1- and 8 -positions,'=^ but 
one might reconcile the observation with the unsymmetrical formula XXV 
by supposing that the first substituent enters at Ci and that the bonds 
then shift to the alternate unsymmetrical arrangement and provide an 
enolic group at C 7 -C 8 for the entrance of the next azo group. The same 
interpretation might be given of the observation that 2,7-dihydroxy¬ 
naphthalene is converted into a dimethyl ether on treatment with 
methanol and an acid catalyst, although on face value this result seems 
to favor a symmetrical formulation.’* In order to settle the matter un¬ 
equivocally, Fieser and Lothrop investigated various 1 , 8 -dialkyI deriv¬ 
atives of 2,7-dihydroxynaphthalene. If such a compound has the 
symmetrical structure XXVI, it should be incapable of ortho substitu¬ 
tions in the free positions 3 and 6 , but if it exists in the form XXVII, or 
if it can tautomerize to this form having an available enolic ortho position 
at Ca, monosubstitution should be possible. Compounds of this type, as 
well as various 1 ,5-dialkyl- 2 , 6 -dihydroxynaphthalene 8 , were tested for 
phenolic properties with entirely negative results. They do not couple, 
and their allyl ethers do not rearrange. This evidence iniheates that the 
naphthols have the symmetrical structure of the Erlenmeyer formula and 

Ruc^ and Courtin, Hdv. Ckim. Acta, U, 110 (1932). 

•* T. Weinbei*. Ber., 64, 2168 (1921). 
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that the arrangement of the bonds represents a condition of considera¬ 
ble rigidity. 



XXVI XXVII 


One further piece of chemical evidence which has reference to the 
bond structure as a whole is the failure of 2,3-dihydroxynaphthalene to 
yield a quinone on oxidation. The observation was cited first by 
Marckwald,’' and in recent years it has been demonstrated both by 
chemical and electrochemical “ evidence that this is not due to the lack 
of stability of the hypothetical 2,.3-naphthoqumone, for it is never pro¬ 
duced, but rather to the formation as a primary oxidation product of a 
univalent-oxygen free radical. The two hydroxyls function independ¬ 
ently and not, as when the carbon atoms holding such groups are 
connected by means of a double bond, as a unit. The compound does 



not appear capable of existing in the unsymmetrical form (XXVIII) 
having an enediol grouping. Fries and Bcstian have found 4,5-divi- 
nylcatechol to be similarly resistant to quinone formation, an observation 
which they interpret as indicating bond fixation approaching that of the 
naphthalene derivative. 

The evidence cited indicates that naphthalene has the symmetrical 
structure and differs from benzene in having a more rigid and a more 
reactive conjugated system of linkages. The reason for these differences 
is a separate problem. A simple and plausible solution has been sug¬ 
gested by Fries.** Naphthalene, he considers, has little tendency to exist 
in the unsymmetrical form because one of the rings would then have to 
depart from the aromatic condition and acquire the bond structure of the 
highly reactive o-benzoquinonc, or the character of the thermodynami¬ 
cally unstable 1,2-dihydrobenzene. The resistance to the acquisition of 
quinonoid or dihydride characteristics accounts for the lack of stability of 

•‘Fries and Schimmelachmidt, Btr., 68, 1502 (1932). 

•» Kesor, J. Am. Chem. Sac.. 5S. 5219 (1930). 

"Fries and Bestian, Ann., SSS. 72 (1937). 
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this structure. In the Erlenmeyer formula neither ring is perhaps an 
entirely true benzenoid nucleus because the central bond is shared be¬ 
tween the two rings and conjugated in different directions, but each 
approaches as nearly as possible the stable condition of an isolated ben- 



Uostable Ileftctive Unstable 


zene ring. The tendency to approach this condition, which appears to 
be the most important feature characteristic of the aromatic state, 
results, in the case of naphthalene, in the suppression of oscillation.®^ 
The factor recognized by Fries as determining the bond structure of 
naphthalene is operative as well in other polynuclear aromatic com¬ 
pounds, and it will be convenient to refer to the important generalization 
in the discussions which follow as the Fries rule. This rule .states that 
each aromatic ring of a polynuclear compound tends to assume the bond 
structure which most nearly approaches the condition of an isolated 
benzene ring. 

The enhanced reactivity or unsaturation of naphthalene, as compared 
with benzene, is manifested particularly in the a-positions of the mole¬ 
cule. The greater susceptibility to attack is indicated by the occurrence 
of reactions under conditions such that benzene remains largely unal¬ 
tered. Naphthalene, for example, can be oxidized to 1,4-naphthoquinone 
in appreciable yield (16 per cent),** and it is converted into 1,4-dihydro- 
naphthalene by the action of sodium and alcohol.** The point is dem¬ 
onstrated further in competitive reactions, for example, by the observa¬ 
tion that the condensation of naphthalene with phthahe anhydride 
can be conducted in benzene solution with no appreciable contamination 
of the naphthoylbenzoic acid with benzoylbenzoic acid. In these reac¬ 
tions, as in most substitutions, the a-positions are attacked preferenti¬ 
ally. Fries ^ expressed the view that the restriction to the migration 
of the bonds is directly responsible for the increased ease of reaction. 
The double bond shared between the rings, he notes, is subject to valence 
claim from two directions, and an equalization of valence in the two 
lin^ cannot be attained as fully as in an isolated benzenoid ring. In 
consequence, the two nuclei are less aromatic and more unsaturated than 
true benzene rings. 

Fries, Walter, and ScbUling, Ann., 61S, 248 (1936). 

*• Plimpton, J, Chem. Soc.. VI, 634 (1880); Japp and Miller, ■ibid., 89, 220 (1881). 

•• Bamberger and Lodter, Ber., S8, 1833 (1803); Straus and Lemmel, Ber., *8, 232 
(m3). 

lee Heller and SchUlke, Ber., 41. 3633 (1908). 
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The mere proximity of the a-position in one nucleus, but not the 
^-position, to an adjoining aromatic ring, may be a factor of some impor¬ 
tance in contributing to the reactivity at this position, and such an 
effect would not necessarily be associated with the bond fixation. It is 
evident from halogenation experiments that in ethylbenzene or tetralin 
the a-position, but not the /3-position, of the side chain or ahcyclic ring 
is activated by the unsaturafed benzenoid nucleus. Although it is not 
easy to interpret a comparison between saturated and unsaturated side 
rings,, some a-activation in the case of naphthalene seems possible. An en¬ 
lightening comparison of strictly additive reactions involving unsaturated 
systems may be made between the reduction of naphthalene with sodium 
and alcohol and the reduction of 1,4-diphenylbutadiene, and of other 
diphenylpolyeiies, with aluminum amalgam.*’ In each reduction, hydro¬ 



gen adds to the ends of a conjugated system, as indicated by the arrows, 
and the reaction tlien stops. 1,4-Dihydronaphthalene is reducible to 
tetralin by the reagent employed only after rearrangement to the 1,2- 
dihydride. In the diphcnylpolyenes, which in general chemical proper¬ 
ties bear much more than a superficial resemblance to naphthalene, 
the reactive positions arc at the two ends of the conjugated aliphatic 
system terminating in benzene rings. In naphthalene the centers of 
special reactivity are similarly situated, for the conjugated system 
present in ring B is also anchored at the two ends, in this case into the 
same aromatic nucleus (A). The two hydrocarbons appear to be analo¬ 
gous in structure and in their behavior on reduction, and possibly the 
same factors are involved in determining their properties. 

One further inference concerning naphthalene may be drawn from 
the thermochemical data pertaining to the hydrocarbon and its dihydro 
derivatives.As stated above, naphthalene on reduction is attacked 
at the 1,4-positions, and the reaction is slightly exothermic. The 1,4- 


H, Hj 



Beat of hydrogenation, 

-t-4.8 Cal. 

Roth and v. Auwera, Ann., 407, 172 (1916). 


Heat of rearrangement, 
-t-4.0 Cd! 
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dihydride is not a very stable compound, for the alicyclic double bond 
occupies an isolated position, and this easily migrates to a more stable 
position conjugated with the unreduced nucleus. The rearrangement 
is attended with the liKeration of heat. Stated in another way, the data 
show that the conversion of 1,2-dihydronaphthalene into naphthalene 
is an endothermic process. The heat of dehydrogenation is only about 



one-third that required for the establishment of an aliphatic ethylenic 
linkage, but the point of greatest significance is that this aromatization 
requires a fairly considerable input of energy, whereas the aromatization 
of 1,2-dihydrobenzene is an exothermic reaction (p. 119). Though many 
substituted dihydro derivatives of benzene probably are thermody¬ 
namically unstable with respect to the fully aromatic stnjctures to which 
they can revert, it appears that this is not true in the naphthalene series, 
and consequently a simple explanation is available for the existence of 
dihydronaphthalene derivatives of types rarely encountered in the ben¬ 
zene series, and for the frequent occurrence of reactions which seem to 
proceed through an intermediate addition product of dihydride structure. 

The relatively greater stability of 1,2-dihydronaphthalene, with 
rrapect to the aromatic structure, than of 1,2-dihydrobenzene, is easily 
accounted for. The dihydrides have the nuclear bond systems of /3- 
naphthoquinone and of o-benzoquinone, respectively, and an accurate 
measure of the relative stability of the systems Is available in the oxido- 
reduction potentials of the quinones. The pertinent data are included in 
Table I, along with values for the potentials of various quinones derived 
from polynuclear hydrocarbons. That /3-naphthoquinone has a lower 
potential than o-benzoquinone means that it has less tendency to undergo 
reduction, that its quinonoid ring is more stable and less prone to change 


0 O 



-dF»” -= 2S.6 Cal. -AfM’ - 38.8 Cal. 

(aq. boId.) (aq. folo.) 


to the aromatic condition which it acquires in the hydroquinone. The 
free energieB of reduction, calculated from the expression — AF « nFEo> 
are appended to the formulas, and it is seen that the fusing of a benzene 
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ring to one of the ethylenic linkages of the mononuclear quinone results 
in a great diminution in the driving force of the reduction, or in a stabili¬ 
zation of the molecule. The result is easily understood, for an ethylenic 
linkage which in the benzoquinone is highly unsaturated, and which 
therefore contributes to the reactivity of the quinonoid system as a 
whole, is, in the naphthoquinone, incorporated in a benzenoid ring and 
rendered comparatively inert. 

The same explanation applies to the similarly constituted dihydrides. 
The highly reactive 1,2-dihydrobenzene is stabilized when one of the 
alicyclic double bonds is shared with a benzene ring. The free energy of 
reduction of /3-naphthoquinone is 11.0 Cal. less than that of o-benzoqui- 


TABLE I 

Redcction Potentials of Quinones (25°) 



Normal Potential Eo, volts 

Aq. Soln. 

Ale. Soln. 

p-Benzoquinooe. 

0.699 

0.715* 

o-Benzoqiiinone. 

.794'’ 


a-Naphthoquinone. 

.470° 

.484‘' 

fl-Naphthoquinone. 

.556'* 

.576'’ 

2,6-Naphthoquinone. 


.76 (calcd.)* 



(.972)^ 

Diphenoquinone..... 


.954* 

Stilbenequinone. 


.854* 



.460« 



.523* 



.660'’ 

3,4-Phenanthrenequinone. 


.621‘ 

9, Z O-Anthraquinone. 


.154* 

1,2-Anthraquinone. 


.490* 

1,4-Anthraquinone. 


.401» 



.228* 



.430* 

l,2,6,6-Dibenz-9,10-anthraquinone... 


.268* 

5,6-Chry8enequinone. 


.465* 

6,12-Chry8enequinone. 

1 

i 

.392* 


a Fieser, J. Am. Chtm. Soc., St, 4916 (1930); b Fia»er and Peters, ibid., 83, 793 (1931); c LaMer 
and Haker, ibid., 44, 1964 (1922); d Fieser and Fieaer, ibid., 86, 1566 (1934); t Fiuer, ibid., 89, 5204 
(1930); /estimated from the potential referred to the quinhydrone electrode in acetic acid solution at 
20^ IDimroth, Anffin/'. 48, 671 (193311; a Fmer. J. Am. Chtm. Soe., 81. 3101 (1929); h Fieeer 

and Peters, ibid., 68, 4080 (1931); i Conant and Fieeer, ibid., 46, 1868 (1024); /Fieaer, ibid,, 90, 406 
(1928); AFieser and Diets, ibid., 88, 1128 (1931). 
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none, and it is of interest that the heat effect in the aromatization of 1,2- 
dihydronaphthalene by the elimination of two atoms of hydrogen is 16.0 
Cal. less than for the corresponding reaction of 1,2-dihydrobeazene. 
Considering that the heats of reaction are subject to some uncertainties, 
that the entropies in the dehydrogenations may not be identical, and 
that a oomf>arison is made between reactions occurring in different states, 
the correspondence in the values for the energy changes is about as good 
as could be expected. The degree of aromaticity of a polynuclear hydro¬ 
carbon seems to be determined by the relative stability of the unsatu¬ 
rated structure with respect to its hydro derivatives, and it is a matter of 
considerable importance that accurate information on this point can be 
obtained from oxido-reduction potential data for the corresponding 
quinones. In using such data it is necessary only to make sure that the 
comparison is not invalidated by some disturbing factor. It would not 
be proper, for example, to attempt to predict the relative stabilities of 
1 ,2- and 1,4-dihydronaphthalene from the relationships between /3- and 
a-naphthoquinone, because the character of the former compounds is 
dependent in part upon whether the double bond is isolated in the re¬ 
duced ring or conjugated with the benzenoid nucleus, whereas in the 
quinones the corresponding double bond does not in either ease occupy 
an isolated position but is conjugated with at least one carbonyl group. 
Since the structural relationships are quite different, a comparison is 
meaningless. Actually the 1,4-quinone is more stable than the 1,2- 
quinone in both the benzene and naphthalene series, while the reverse is 
true of the 1,4- and 1,2-dihydro compounds. Ortho and para quinones 
differ in the manner in which the carbonyl groups are conjugated, and a 
comparison between compounds of the two types is valid only if account 
is taken of this difference. 

I^enanthrene. Four Kekul6 bond structures for phenanthrene are 
theoretically possible, but according to the Fries rule (p. 156) one of 
these would be expected to surpass the rest in stability. This structure, 
illustrated in formula I, is symmetrical, and each ring has associated with 



it the full complement of three double bonds, as in benzene, although 
there is BOtos sharing of double linkages. In the alternate formulas one 
or more of the rings has an o-quiiu>noid or a tetrahydride structure and 
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thus departs more widely from the stable benzenoid condition. There is 
evidence that the formula expected from theoretical considerations to 
represent the stable state of the molecule corresponds to the true struc¬ 
ture. Fieser and Young ““ found that, while the coupling of 2-phe- 
nanthrol and the rearrangement of its allyl ether normally lead to 
substitution in the 1-position, the reactions are effectively blocked by 
an alkyl group at this position. A blocking group at the 4-position simi¬ 
larly interferes with the phenolic functioning of 3-phenanthrol, and from 
these observations it seems clear that double bonds are located at the 1,2- 
and 3,4-po8itions and that the bond structure in this part of the molecule 
is as rigid as in naphthalene. 

Phenanthrene is more susceptible to oxidation and reduction than 
naphthalene, and the point of first attack in each reaction is at the 9- 
and lO-positions. The only factor which seems to limit the yield of the 
9,10-qiiinone is the sensitivity of this compound to further oxidation, 
and the 9,10-dihydride can be obtained in nearly quantitative yield by 
hydrogenation in the presence of copper-chromium oxide at a moderate 
temperature.*® It is significant that this catalyst is not active toward 

HHHH 




51 10 


benzene or naphthalene and that the selective hydrogenation of phenan¬ 
threne occurs under conditions not much more drastic than are required 
for the hydrogenation of ethylenic hydrocarbons of the aliphatic or 
alicyclic series. A further striking indication of the olefinic character 
of the 9,10-double bond is that phenanthrene forms a stable 9,10-dibro¬ 
mide. A possible factor contributing to the unusual reactivity mani¬ 
fested in the central ring of the hydrocarbon is that each of the adjacent 
carbon atoms 9 and 10 occupies an a-position ■ftith respect to a terminal 
aromatic ring; these unsaturated rings may exert an activating influ¬ 
ence, as suggested in the case of naphthalene. This conception, though 
perhaps a crude one, is of value in understanding the course of some of the 
substitution reactions. In the sulfonation of phenanthrene, and in the 
Fricdel and Crafts condensations conducted in nitrobenzene solution, 
substitution occurs chiefly at the 3- and 2-position8, rather than in the 
reactive central nucleus. These are /3-positions, and it will be recalled 

Fieaer and Young. /. Am. Chem. Soc., #S, 4120 (1931). 

Burger and Mosettig, ibid., «7, 2731 (1935); 58, 1857 (1936); Durland and Adkins 
99 , 135 (1937); 50, 1501 (1938). 
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that in the case of naphthalene there is some avoidance of the reactive 
a-positions in substitutions, in contrast to reactions of oxidation and 
reduction. /3-Substitution predominates in the high-temperature sul- 
fonation of naphthalene and in some of the Friedel-Crafts reactions in 
nitrobenzene solution. 

In attempting to account for the unsaturated, olefinic character of 
the 9,10-double bond, Fries ” suggested that the other two double bonds 
of the central ring are shared unequally with the terminal benzenoid 
nuclei and are claimed principally by these rings, leaving the double bond 
at the 9,10-position in a comparatively isolated or imperfectly conju¬ 
gated condition. This idea can be expreased in some measure in a for¬ 
mula by using a pair of lines of unequal lengt,h to represent the double 
bond and by placing the shorter of the two lines on the side of the ring 
recognized as having the greater stability. There is another way of 
viewing the situation which seems somewhat more concrete. That the 
central nucleus possesses a rather low order of aromaticity means that 
the dihydride structure which it acquires on oxidation, reduction, or 
halogen addition is characterized by a special stability. That this is the 
case is attested by the fact that the 9,10-dibromide is capable of independ¬ 
ent existence, and a measure of the relative stability of 9,10-dihydro- 
phenanthrene as compared with 1,2-dihydronaphthalene is furnished by 
a comparison of the potentials of the corresponding quinones (Table I, 
p. 159). The low potential of 9,10-phenanthrenequinone as compared 
with /3-naphthoquinone indicates a greater stability of the tricyclic 
quinonoid, or dihydride, structure. This stability may be attributed to 
the fact that both double bonds of the central, quinonoid or dihydride 
ring are subject to the deactivating influence of the benzenoid ring.s of 
which they are also members. According to this view, the central nucleus 
of phenanthrene is susceptible to oxidation, reduction, and addition reac¬ 
tions chiefly because a comparatively stable dihydride structure can be 
produced as a result of such reactions. The situation is such that there 
must be a considerably greater driving force to the occurrence of such 
changes than in the case of naphthalene. This accounts for the highly 
unsaturated character of the 9,10-double bond and for the ease of hydro¬ 
genation and of other additions. From the heat effect in the conversion 
of naphthalene into the 1,2-dihydride (9.4 Cal.) and from the potentials 
of the quinones corresponding to the dihydrides, it is estimated that the 
heat of hydrogenation of phenanthrene to the 9,10Klihydride is about 
16 Cal,, that is, intermediate between the values for naphthalene and for 
cydohexene (28.6 Cal.*). 

Anthracene. Anthracene surpasses even phenanthrene in reactivity 
A8 can be seen, for example, from the fact that the linear compound 
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present in crude phenanthrene from coal tar can be removed by prefer¬ 
ential oxidation to the quinone, and from the observation that poly¬ 
nuclear hydrocarbons which contain the ring systems of both anthra¬ 
cene and phenanthrene are generally attacked on oxidation chiefly in 
the anthracene part of the molecule. The addition of one mole of 
hydrogen or of halogen to anthracene also proceeds very readily, and the 
point of attack in all these reactions is at the 9 and 10, or meso, positions. 
In the early attempts to account for this seemingly special character of 
the hydrocarbon, considerable prominence was given to the view that 
the reactivity is due to the presence of a para bond extending between 
the meso positions, as in I. 



1 


Hinsberg was one of the first to present a serious objection to this for¬ 
mulation, and, although his argument was based upon a rather cumber¬ 
some analogy with phenazines and quinoxaJophenazines, the evidence 
appears entirely valid. The essence of the argument is that the fusion of 
an angular benzenoid ring to one of the terminal rings of anthracene de¬ 
creases the reactivity at the meso positions in a manner not comprehensi¬ 
ble on the basis of the formulation in question. Furthermore, anthracene 
does not appear to be symmetrical, as pictured in the formula, for the 
attachment of a second ring to the opposite side of the molecule does not 
produce an added effect proportionate to that of the first ring. Evidence 
on this point is furnished by potentiometric data for the corresponding 
quinones.^®^ A less serious objection was cited by Goudet,'"® who found 
that the Icvorotary form of the hydroxyanthrone II gave an optically 


HO CHjCeHs CHjCtH. 



0 


II 

inactive compound on reduction, contrary to what would be expected on 
the basis of the para bond structure III. 

The para bond formula was dealt a final blow by the evidence from 
x-ray analysis (p. 123). All the carbon atoms of anthracene lie in a single 

Hinsberg, Ann., 819, 257 (1901). 

Fieser and Dietz, J. Am, Chem. Soc., 88, 1128 (1931). 

Goudet,. Heiv. Chim. Acta, 14, 379 (1931). 
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plane, and consequently the carbon atoms in the meso positions are as far 
removed from one another as the para carbon atoms of an isolated ben¬ 
zene ring.^®^ According to all available information concerning bond 
strength, a direct connection between such positions is quite out of the 
question (p. 125). 



IV V 


Two Kekul4 formulations are possible for anthracene, namely IV 
and V, and either one may be said to represent the modem counterpart 
of the o-quinonoid formula suggested by Armstrong in 1890. In each 
formulation at least one ring (A) is present which contains only two 
double bonds and w’hich, with the ethylenic linkages extending into the 
central nucleus, constitutes an o-quinonoid system of linkages. This 
arrangement represents a condition less stable than that of a benzenoid 
ring, and the tendency of the quinonoid nucleus to acquire the benzenoid 
condition accounts for the reactivity of anthracene. Such a change occurs, 
for example, as a result of the addition of hydrogen to the 1,4-conjugated 
system present in the central nucleus (1), a reaction which is analogous 
to the reduction of o-benzoquinone (2). It is understandable that anthra¬ 



cene is subject to attack at the meso positions, and the great driving force 
in the reduction can be attributed partly to the presence of the reactive 
o-quinonoid system of linkages and partly to the fact that the 9,10- 
dihydride has a particularly stable structure, for the double bonds are 
all contained in two isolated benzenoid rings, as in 9,10-dihydrophe- 
nanthrene. Probably the 9,10-dihydro derivatives of anthracene and 
phenanthrene do not differ greatly in stabihty (or in their heats of com¬ 
bustion), and, consequently, the observation ” that the heat of combus¬ 
tion of anthracene is greater than that of the angular isomer by 7.0 
Cal. affords an approximate indication of the magnitude of the energy 
(xmtent of the anthracene molecule which is attributable solely to the o- 
quinonoid system of linkages. 

Meyer, Z. angeui. Chem.., 41, 936 (1028). 
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Other reactions involving a conversion to 9,10-dihydroanthracene 
derivatives include oxidation, the formation of the 9,10-dibroinide, and 
the Diels-Alder reaction (p. 685) of anthracene with maleic anhydride 
or with quinone.’®* The ability of the hydrocarbon to yield addition 
products of the type of VI is particularly illuminating, because of the 
specificity of the reaction to active diene systems (p. 667), and because 

\ 

CHCO 

I >0 

CHCO 

/ 



naphthalene and phcnanthrene do not form similar products. Endo- 
anthracene maleic anhydride (VI) is produced by heating the compo¬ 
nents in boiling xylene solution, and the occurrence of a (reversible) 
reaction with this and other unsaturated anhydrides, as well as with 
crotonic acid and acetylene dicarboxylic ester, affords a good indication 
of the presence of a reactive diene system in the central nucleus. Another 
indication in the same direction is the C-alkylation of anthranol (3), 



observed by K. H. Meyer and Schldsser ““ to occur along with O-alkyl- 
ation when an alkyl halide (but not a sulfate) is employed. The com¬ 
paratively high degree of unsaturation of anthracene is indicated by the 
ready reaction with sodium and in the spectrochemical properties 
of anthracene derivatives, and it has been suggested that the pro¬ 
nounced color of derivatives containing NOj, OH, NH2, and Cl finds a 
satisfactory interpretation in the assumption of a structural relation to 
true quinones. 

Diels and Alder, Ann., 486, 191 (1931); Clar, Ber., 64, 2194 (1931). 

‘“Clar, Ber.. 64, 1670 (1931). 

**• Meyer and SohlSaser, Ann., 480, 126 (1920). 
m Sohlenk, Appenrodt, Michael, and Thai, Ber., 47, 479 (1914). 

“• V. Auwere, Ber., 63, 941 (1920); v. Aawers and KroUpteifiEer, Ann., 430, 264 (1923) 
n* Kehnnann, Ber., 97, 3348 (1894) ; SohoU, Ber.. 4t, 2312 (1908). 
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None of the facts cited thus far provides a means of dis tinguishin g 
between the alternate o-quinonoid formulas IV and V, above. From a 
consideration of the Fries rule (p. 156), it would appear that the first 
of these structures is the more likely, because it represents a more stable 
system. Formula IV contains an o-benzoquinonoid ring (A) and two 
benzenoid rings combined in the form of a normal naphthalene nucleus 
(BC); in formula V the rings A and B constitute a highly reactive and 
unstable 2,3-naphthoquinonoid unit, and there is only one benzenoid 
ring (C). As Fries ^ stated the case, there is in the first instance a closer 
average approach to the stable condition of the isolated benzene ring, and 
consequently IV is the preferred structure. Fries sought to test this pre¬ 
diction by studying the bromination of 2,6-dihydroxyanthracene. If the 
structure is that of VII, the bromine atoms shoxild be directed to the two 
enolic ortho positions 1 and 5, whereas the alternate structure VIII 



vn VIII ' 


should lead to 3,5-substitution. It was found that bromination occurs 
at the 1- and 5-positions, as predicted for a compound of the formula VII, 
but the observ’ation does not exclude the po.ssibility that solutions of the 
substance contain appreciable quantities of both forms and that VII is 
merely the more abundant, or the more reactive, of the two. In extend¬ 
ing this work, Fieser and Lothrop applied a more rigorous test. The 
1- and 5-positions were blocked with alkyl substituents, and the 1,.5- 
dialkyl-2,6-dihydroxyanthracene8 were investigated for their ability to 
couple with diazotized amines. As the tests were entirely negative, it 
was concluded that the bonds are fixed in the po.sitions indicated in for¬ 
mula VII and that the tautomer corresponding to VIII is not present in 
any appreciable quantity, for it should give rise to substitution at the 
3-position. 

The evidence thus supports the formulation deduced from theoretical 
considerations, and it indicates a rigidity of the bond structure com¬ 
parable with that in naphthalene and phenanthrene. With an unsym- 
metrically substituted compound, such as /9-anthrol, it is necessary to 
account for the fact that the substance has been isolated in only one 
form, though two structures, IXo and 1X5, are theoretically possible. 
Fries*' noted that the change from one structure to the other can be 
Heeomplished by a progression of the bonds in the central nucleus, with- 

FiMer and Lothrop, J. Am,. Chem. See., W, 749 (1936). 
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out disturbance of the double bonds in the a,|3-positlons of the terminal 
rings, and this idea seems in keeping with the nature of the bond fixation 
indicated by the above experiments. Fieser and Lothrop suggested that 
the two forms arc to be regarded as tautomers, and that an indication 



IXa IX* 


of the position of the equilibrium can be gained by the application of a 
principle expounded by Kehrmann in a brilliant paper dealing with 
the question of the bond structures of azine derivatives. Phenylnaph- 
thophenazonium chloride, for which two tautomeric forms, Xa and Xb, 
are possible, is typical. The form Xa contains a naphthoquinonoid 



Xo . X6 


grouping (AB), while Xb has an o-benzoquinonoid structure (ring C), 
and Kehrmann reasoned that, since /3-naphthoquinone is more stable to 
reduction than o-benzoquinone, A'a should be the predominant tautomer. 
Evidence in support of this deduction w'as found in the observation that 
the compound adds ammonia in alcoholic solution to yield an amino 
derivative having the substituent in ring B (arrow). The phenazonium 
salts enter into addition reactions characteristic of the quinones, and 
they share with these substances the property of forming electromotively 
active oxido-reduction systems. Kehrmann’s theory of the factors gov¬ 
erning tautomerism among such compounds was placed upon a quanti¬ 
tative basis in later potentiometric studies.”' The equilibrium constant, 
K, of a pair of tautomers having the normal potentials Fo“ and (where 
•the /3-form has the higher potential) is given by the expression; log 
= (Fo^ - J5;o“)/0.02956. 

Although reversible oxidation-reduction is not observed with com¬ 
pounds such as anthracene in which the quinonoid system of linkages 
terminates in carbon, rather than in oxygen or nitrogen, the qualitative 
application of the established principle seems admissible. In respect to 
/3-anthrol (IX, above), a rational inference concerning the relative sta¬ 
ll* Kdirmann, Ber., SI. 977 (1898). 

Fioser, J, Am, CAein. Soc., W, 439 (1928); Fieser and Fieser, ibid., W, 1665 ( 1934 ). 
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bility of the two forms can be made from the fact that the oxido-reduotion 
potential of a given hydroxyquinone is considerably lower than that of 
the corresponding unsubstituted quinone (p. 1038). The hydroxyquino- 
noid grouping (q) of IXa consequently must represent a condition of 
greater thermodynamic stability than the unsubstituted quinonoid nu¬ 
cleus (g') of 1X6, and the first formula probably corresponds to the struc¬ 
ture of the predominant tautomer in solution. The less stable tautomer 
1X6 is probably present in solution in small amounts. (Compare the still 
unisolated tautomer of 2-hydroxy-l,4-naphthoquinone.) 

Alkyl groups influence quinone potentials in the same direction as 
hydroxyl groups but to only about half the extent, and consequently the 
less stable forms of 1- and 2-alkylanthracenes probably are present in the 
equilibrium mixtures in somewhat larger amounts. The amino group is 
considerably more potent than hydroxyl, and /3-anthramine must exist 
very largely in the ammoquinonoid form XI. That the substance is a 
very weak base and resists diazotization,"’ except under special condi¬ 



tions,*^ is easily understood on the basis of this structure, for aminoqui- 
nones exhibit similar properties. Highly unsaturated groups, and to a 
lesser extent halogen atoms, can be expected to .shift the equilibrium in 
the other direction, the more stable form of a compound such as 1-nitro- 
anthracene probably being that in which the substituent is located in the 
benzenoid ring (XII). 

The general theory accounts well for the properties of the higher 
benzologs of anthracene. It was mentioned above that a benzene ring 
fused to the molecule in an angular position decreases the reactivity 
at the meso positions, and it is equally true that a linear ring has the 
oppo.site effect. A clear demonstration of both relationships is afforded 
by Clar’s work on the ease of reaction of the hydrocarbons with maleic 
anhydride. 1,2-Benzanthracene would be expected to have the /3-naph- 
thoquinonoid structure XIII, rather than the alternate o-benzoquinonoid 
structure, and the added ring sen’-es to stabilize the original quinonoid 
system (g) and hence to decrease the reactivity at the terminal (meso) po¬ 
sitions of the unsaturated system. An additional benzenoid ring attached 

•"BoUert, Mer., 16, 1636 (1883); Bamberger and Hoffmann, Ber., S6, 3068 (1893). 
See also Sehroeter, Ber., 87, 2003 (1924). 

Caar, Ber„ 64. 2194 (1931): 68.603 (1932); Claj and Lombardi. Ber.. 66. 1411 (1932). 
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at the 5,6-position (XIV) should have little added influence, for it is not 
in immediate connection with the quinonoid unit. There are indications 
that this expectation is realized.*** The situation is quite different when a 



XIII 



benzene ring is fused to anthracene in a linear position. The formulas 
XVa and XV5 for naphthacene both represent systems of greater unsatu¬ 
ration and reactivity than anthracene, because in each case two of the 
four rings are quinonoid (q) in character. In XVa two terminal o-ben- 
zoquinonoid rings are separated by the normal naphthalene unit formed 



X\a XVh 


by the two central rings, and, although the added quinonoid ring should 
render the structure more reactive than anthracene, the system at least 
has greater stability than XV6, where the non-benzenoid rings q and q' 
are combined in the form of a 2,3-naphthoquinonoid unit. That such a 
group would be highly unstable and reactive can be inferred from the 
non-existence of 2,3-naphthoquinone itself, and from the observation 
that quinones in which the quinonoid system of linkages extends into 
two nuclei are characterized by having unusually high reduction poten¬ 
tials (see diphenoquinone, 2,6-naphthoquinone, Table I, p. 159). For¬ 
mula XVa therefore represents the preferred structure. 

The reactivity of naphthacene as compared with anthracene is well 
illustrated by the properties of its derivatives.*** The equilibrium be- 


O 





XVI 



XVII 


tween 2,3-benz-9-anthrone (XVI) and the anthranol-form XVII so 
greatly favors the keto form that the substance, unlike anthranol itself, 
»*» Fieser, J. Am. Chem. Soc., #3. 2329 (1931), 
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fails to dissolve in alkali. The anthranol acetate is formed much 
less readily than usual, and the anthranol is very easily reduced to an 
unusually stable dihydride. The observations all reveal a pronounced 
tendency of the doubly quinonoid structure to revert to the more stable 
condition of the 9,10-dihydride. The striking observation that crystal¬ 
line naphthacenequinone does not give the usual vat test with alkaline 
hydrosulfite is similarly attributable to the lack of stability of the hydro- 
quinone. 

Still greater reactivity is displayed by Clar’s Zin.-dibenzanthracene, 
a hydrocarbon of particular interest because of its blue color. No very 
stable arrangement of the double bonds of this compound is passible, and 
the best adjustment that can be achieved is represented in formula 
XVIII. This structure includes a 2,3-naphthoquinonoid unit (qq') 
at one end of the molecule and an o-benzoquinonoid nucleus (g") at the 
other, and consequently the high degree of unsaturation of the hydro¬ 
carbon, as manifested in its reactivity and color, is easily understandable. 
Reagents would be expected to attack the substance in the central ring, 
for these positions are at the ends of the more reactix'e 2,3-naphtho- 
quinonoid system, and this expectation is realized. Clar took a different 
view of the situation and postulated for the hydrocarbon the biradical 
(p. 602) formula XIX. He suggested that anthracene itself and the 




other aromatic compounds exist to some extent in a diyl phase, but that 
the pentacyclic hydrocarbon has a complete biradical character.These 
speculations, although subject to much adverse criticism,*® have con¬ 
tinued to attract attention.*® In an attempt to settle the matter, E. 
Muller *® investigated the magnetic susceptibility of the blue hydrocar¬ 
bon and found that the compound does not exhibit paramagnetism, as 
univalent radicals and one authentic biradical were found to do. He 
concluded that the amount of diyl, if present, cannot exceed 1 per cent. 

*“ Barnett and Lowry, Ber., 65, 1649 (1032). 

Ciar and John, Ber., 63, 3021 (1929); 63, 2967 (1930J. 

‘»Clar, Ber., 66, 603 (1932); 66, 202 (1933); 69, 607, 1071 (1936). 

Scholl and BOttger, Ber., 63, 2133 (1930); SchoU and Moyer, Ber., 67, 1229, 1236 
(1934); Conrad-Billroth, Ber., 66 , 639 (1933). 

*** Kon, Ann. Repte. Chem. Soe. {London), 39, 163—171 (1932). 

Mailer and MilUer-Rodloff, Ann., 517, 134 (1935); Midler and Bunge, Ber., 69 
2104 (1036). 
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Although it is conceivable that a fixed opposition of the electron spins in 
a biradical could eliminate the paramagnetic effect, such an explanation 
seems improbable. The evidence available does not warrant acceptance 
of the diyl formula as representing anything more, perhaps, than a reac¬ 
tion phase, and the general theory of aromatic structures based upon a 
rational extension of the concept of the KekuM ring seems to provide an 
adequate interpretation of the facts without this added assumption. 

The principles defining the bond structures of the polynuclear aro¬ 
matic hydrocarbons seem to apply also to the qninones and hydro deriva- 



XX XXI 


tives of these substances. On the basis of the Fries rule, it was pre¬ 
dicted that naphthacenequinone has the structure XX rather than 
XXI, for in XX the rings C and D are bcnzcnoid and constitute a normal 
naphthalene system, while in XXI the terminal ring is quinonoid and 
forms a part of a unit corresponding to the unstable form of naphthalene. 
Allen and L. Gilman found support for this view in the observation 
that phenylmagnesium bromide adds to the two 1,4-conjugated systems 
formed by the nuclear double bonds in ring C with the carbonyl groups, 
giving two stereoisomeric products of the structure XXII. Air oxidation 
in alkaline solution of the enolized material gave XXIII. The behavior 
is quite different from that of anthraquinone and phenanthrenequinone, 
with which Grignard reagents give exclusively carbinols, and it is inferred 
that in these compounds a 1,4-system is not available, the bonds of an¬ 
thraquinone being arranged as in ring A of XX. The unusual arrange- 


0 H C,Hs 0 CeHs 



0 H C,H6 O C,Hs 


XXII XXIII 

ment of bonds in the oxygenated ring (B) of naphthacenequinone may 
modify slightly the character of this ring, but it seems unlikely that true 
quinone characteristics are entirely lost. 1,4-Anthraquinone probably 

Fieser and Martin, J. Am. Chem. Soc., 67, 1844 (1935). 

Alien and Gilman, ibid., W, 837 (1936). 
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has a similar bond structure,and it undergoes reversible reduction and 
exhibits other usual properties of quinones. The 1,4-addition of the 
Grignard reagent (p. 672) has been observed also in benzanthrone, 
XXIV, the aryl or alkyl group appearing at the 4-position (arrow). 



The observation locates one double bond in ring C, and from the principle 
of greatest stability it seems likely that the remainder of the bonds in 
rings C and D are arranged as in naphthalene.'*® 

Pyrene. This tetracyclic hydrocarbon presents an interesting com¬ 
bination of fused rings embodying groupings of the naphthalene, phenan- 
threne, and diphenyl types. In the degree of reactivity to substituting 
agents, pyrene is roughly comparable with anthracene. In an extensive 
study of the hydrocarbon, Vollmann, Becker, 0)rell, and Streeck 
found that monosubstitution occurs solely at the 3-position, which cor¬ 
responds to one of the chief, if by no means exclusive, points of attack in 
phenanthrene. A second substituent is introduced about as easily as the 
first and invariably enters the second pm-ring at the 8- or 10-position, 
giving a mixture of 3,8- and 3,10-isomers in which the latter predomi¬ 
nates. In contrast to the point of attack in substitutions, the addition of 
ozone occurs at the 1,2- and 6,7-positions. These results are interpreted 
to indicate that in its most stable state pyrene has the 1,4-naphthoquino- 
noid '** bond structure I. Predominant disubstitution at the 3,10-posi¬ 
tions is considered to occur at the ends of the active quinonoid system of 
linkages (arrows). The formation of 3,8-derivatives may occur through 
the possibly more reactive but considerably less abuhdant 1,5-naphtho- 
quinonoid form II. The change from one bond isomer to the other would 
involve merely a progression of the bonds in the upper terminal ring. 
A greater stability for I as compared with II is consistent with the Fries 
rule, for the former structure contains three benezenoid rings (&) while 
the latter contmns but two. 

**>Fieaer, find., #0, 466 (1928). 

Chartier and Ghigi, Giuz. ehim. ilal., 928 (1932); Ber., 69, 2211 (1936); Allen 
atad Overbaugb, J, Am. Chem. Soc., 97, 740, 1322 (1936). 

‘“See, however, Clar, Ber., 69, 846 (1932). 

M‘ Vollmann, B^ker, Corell, and Streeck, Ann., 981,1 (1937). 

*** Fieser and Seligman, J. Am. Chem. Soc., 60, 170 (1938). 
w*Clar, Ber., 69, 1426 (1932). 
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The fact that 3-hydroxypyrene fails to couple with diazotized amines 
indicates a rigidity of the bond structure in at least a part of the molecule 
and shows that the 3- and 5-positions are not identical, as they would 
appear to be from the outline formula. The structure I with a hydroxyl 
group at the 3-position and a single bond connecting positions 3 and 4 
evidently is more stable than that with the substituent at position 5. 
The explanation may be that the hydroxyl group, which is known to have 
a stabilizing (potential-lowering) effect on true quinones, is joined 
directly to the quinonoid system in the former, but not the latter, case. 
That neither 3,10- nor 3,8-dihydroxypyrene can be caused to couple with 
diazotized p-nitroaniline indicates that the two dihydroxy compounds 
have the alternate bond structures I and II, respectively. This must 



I II 


mean that the influence of the attachment of a hydroxyl group to a 
quinonoid system is so pronounced that two such substituents in the 3- 
and 8-positions can effect the stabilization of the otherwise more reactive 
1,5-iiaphthoquinonoid .system of II. 

3,4-Benzpyrene. If pyrene tends to exist chiefly in the 1,4-naphtho- 
quinonoid form (I, above), the most probable bond structure for 3,4- 
benzpyrene is that shown in formula III, in which the four benzenoid 
rings constitute a chrysene unit. The alternate formulation IV, derived 



III IV 


from the 1,5-naphthoqumonoid form of pyrene (II), represents the hydro¬ 
carbon as a 1,2-benzanthracene derivative containing but three benzenoid 
rings. The evidence available dora not distinguish between the two 
structures, and the fact that the hydrocarbon suffers oxidation at posi¬ 
tions 5, 8, and 10 perhaps is indicative of attack at the exposed ends of 
the 1,4- and 1,5-naphthoquinonoid systems of the two forms. 
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3,4-Benzpyrene is of special interest because of the remarkable reac¬ 
tivity which it manifests in substitution reactions.^" In susceptibility to 
substitutions, the substance surpasses all other known unalkylated, fully 
aromatic hydrocarbons. Oxidation with lead tetraacetate proceeds 
smoothly at room temperature and affords the 5-acetoxy derivative in 
over 90 per cent yield, and the reaction with methylformanUide to give 
the 5-aldehyde proceeds equally well. The hydrocarbon even couples 
with diazotized p-nitroaniline in acetic acid (5-po8ition), and thereby 
exhibits nuclear reactivity comparable with that of a phenol or amine. 
The exclusive point of attack, except in the (hindered) Friedel and 
Crafts reaction, is at position 5. This is at one end of a quinonoid system 
of linkages, and it is also a meso position, flanked by activating rings on 
either side. 

Of possible significance to the theory of aromatic substitutions is the 
fact that 3,4-benzpyrene exhibits no tendency to form addition products. 
In contrast to the situation in the naphthalene, phenanthrene, and an¬ 
thracene series, no reaction products of dihydride structure have been 
encountered, and reactions which can proceed only by an addition do 
not appear to take place. In sharp contrast to the behavior of anthra¬ 
cene and 1,2-benzanthracene, 3,4-benzpyrene fails to add maleic anhy¬ 
dride (citation*** from Bachmann). The facile substitutions of the 
hydrocarbon therefore appear to be independent of any process of addi¬ 
tion. Among other polynuclear hydrocarbons, there is a sufficient, if 
perhaps entirely fortuitous, parallelism between reactivity in substitu¬ 
tions and in additions to invite the speculation that the substitutions may 
proceed by way of addition mechanisms. The case of 3,4-benzpyrene, 
however, demonstrates that the two processes can be entirely distinct 
and uncorrelated. 

THE NATURE OF AROMATIC SUBSTITUTIORS 

The question of the mechanism of aromatic substitutions is a com¬ 
plicated one, for there is considerable variety in the types of reactions 
and in the nature of the compounds undergoing substitution. It is an 
open question whether different substituting agents act upon a given 
compound in the same way, and whether a given type of substitution 
follows the same general course in the benzene series as with polynuclear 
hydrocarbons. The course of the reaction conceivably may vary also 
with the nature of the directing groups. There may well be more than 
one path by which a substituent can enter an aromatic nucleus, and cer- 

***Fie*er and Campbell, J. Am. Chem. Soe., BO, 1142 (1938)' Fieaer and Hershberg 
OwT.. eo, 2542 (1938); 61, 1565 (1939). 
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tainly caution should be exercised in reasoning by analogy unless a secure 
correspondence can be established between the cases in question. 

Nitration and Sulfonation. Shortly after proposing the cyelohexa- 
triene formula for benzene, Kekul6 attempted to determine the course 
of the reaction between nitric acid and ethylene in order to make a com¬ 
parison with the aromatic nitration reaction. Difficulties were encoun¬ 
tered, however, and not much progress was made. The reaction affords 
mainly products of oxidation, but Wieland and SakeUarios,**® by using a 
mixture of nitric and fuming sulfuric acids, succeeded in isolating small 
amounts of /3-nitroethyl nitrate, CH2(N02)CH20N02. This was thought 
to result from the esterification of CH 2 (N 02 )CH 20 H, formed as a pri¬ 
mary product of addition. It was found further that ^S-nitroethyl alcohol, 
prepared in another way, yields the nitric ester with nitric acid, and 
can be dehydrated to nitroethylene with the use of phosphorus pent- 
oxide, and consequently it appeared that nitric acid adds to ethylene as 
HO—NO 2 and that a substitution product can be produced by the elimi¬ 
nation of water from the addition product. The observations were re¬ 
garded as affording an analogy for the hypothesis that the nitration of 
benzene proceeds by an addition-elimination mechanism (1), 



A still closer analogy was reported by Anschutz and Hilbert,”® who 
studied the nitration of a,a-diphenylcthylene in glacial acetic acid. Un¬ 
der mild conditions of operation a nitro alcohol was obtained, and this 
5 deldcd the corresponding unsaturated nitro compound on warming a 
solution of the substance in glacial acetic acid containing a trace of nitric 
acid. The complete process (2) corresponds to that postulated for the 
aromatic substitution. Unsaturated nitro compounds have been ob- 

(CeH6)jC=CH2 (CsHsIjC -CHj (C8H»)»C=CH (2) 

OH NO, NO, 

tained also in small amounts from certain alkenes by the action of nitric 
acid alone or in carbon tetrachloride solution, isobutylene giving (CH 3 ) 2 C 

>“ KekulA Ber.. a, 329 (1869). 

Wieland and SakeliarioB, Btsr., 63, 201 (1920). 

Wieland and Sakellarios, Ber., 63. 898 (1910). 

Anachiitz and Hilbert, Ber., 64, 1854 (1921). 
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=CHN02,'** and isoamylene yielding (CH3)2C==C(N02)CH3.‘”’ ** A 
particularly interesting case is that of ethyl p-nitrocinnamate, which 
yields 02 NC 6 H 4 CH==C(N 02 )C 02 C 2 H 6 on treatment with nitric and 
sulfuric acid at room temperature/** that is, under the conditions of an 
ordinary aromatic nitration. 

It can be argued that the postulated dihydrobenzenoid intermediate 
would be so imstable under the dehydrating action of the strong acid or 
mixed acid required to produce it that it might well elude isolation. 
Furthermore, analogous products have been isolated from certain cyclic 
compounds of less pronounced aromaticity than benzene. By the action 
of nitric acid on anthracene in glacial acetic acid, Meisenheimer and 
Connerade *“ obtained a solution of nitrodihydroanthranol (or its ace- 


H OH(Ac) 



H NO 2 NOj 


tate), and a conversion to 9-nitroanthracene was brought about by 
treatment with mineral acids. A substance similarly regarded as a 
product of 1,4-addition has been obtained as the acetate from furan.**® 
Though these substances may correspond to an essential step in the 
typical nitration of benzene, it is also po.ssibIe that the addition com¬ 
pounds are formed in independent reactions not connected with substi¬ 
tution. The existence of an addition compound in the case of anthracene 
is understandable in either event, for the great reactivity of this hydro¬ 
carbon enables a reaction to occur under mild conditions, and the special 
structure of a 9,10-dihydroanthracene derivative confers upon it unusual 
stability. These factors would favor equally the formation of an inter¬ 
mediate essential to the nitration, or a by-product, and experimental evi¬ 
dence upon which to base a decision is not available. 

It seems necessary to view the analogy between benzene and anthra¬ 
cene or furan in the nitration reaction with caution, and Michael and 
Carlson *** have attacked the experimental basis for the analogy with the 
supposed addition of nitric acid to alkenes. These investigators found 
that at a low temperature colorless nitric acid containing no nitrous 

“•Hiiitinger, Ann., IM, 366 (1878). 

>« WieUnd and Rahn, Ber., «*, 1770 (1921). 

*** Friedlaender and M&hly, Ber., 16, 848 (1883); Friodl&nder, Ann., m, 203 (1883) 

*** Meisenhaiiner and Connarade, Ann., SSO, 133 (1904), 

*** Freure and Johnson, J. Am. Chem. Soc., SS, 1142 (1931). 

*** Michael and Catlson, arid., 57, 1268 (1933). 
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oxides does not add to ethylene but attacks it destructively, and that it 
merely polymerizes a;,a!-diphenylethylene. The pure acid in carbon 
tetrachloride solution at —20° was found to add as H—ONO 2 to iso¬ 
butylene and to isoamylene, giving the esters (CH 3 ) 2 C( 0 N 02 )CH 3 and 
(CH 3 ) 2 C( 0 N 02 )CH 2 CH 3 . Michael and Carlson consider it probable 
that the products obtained by previous investigators with ordinary nitric 
acid are formed indirectly by interaction with nitrous gases produced in 
oxidative side reactions, and that the product CH 2 (N 02 )CH 20 N 02 
obtained by Wieland and Sakellarios with a mixture of nitric and fuming 
sulfuric acids is produced by the addition to ethylene of the mixed 
anhydride, O 2 N—OSO 3 H, giving CH 2 (N 02 )CH 20 S 03 H, followed by 
replacement of SO 3 H by NO 2 . 

The processes of sulfonation and nitration are clearly related, and 
Wieland interpreted the former reaction as proceeding through the 
addition of HO—SO 2 OH to a double bond of the benzene ring with sub¬ 
sequent dehydration. That sulfuric acid can on occasion add to an 
alkene in this manner, rather than function as H—OSO 2 OH, as usual, 
Wieland inferred from the fact that ethylene yields carbyl sulfate (III) 
rather than ethyl sulfuric acid, on reaction with fuming sulfuric acid, 
ii, was assumed that an addition of HO—SO 2 OH to give isethionic acid 
(I) is followed by esterification to ethionic acid (II), and dehydration to 


CHa HOSOaOH 

CH, 


rcHjSOsOni 

1 : 

nosojOH 

rCHiSOjOH - 

-HtO 

.CHjOH J 


[(ijHjOSOjOH. 



II 


JHaOSOi 

III 


> 


in. Michael and Weiner,*^ however, pointed out that the suggested 
mechanism docs not attribute any function to the SO3, S2O6, or H2S2O7 
present in fuming sulfuric acid, whereas carbyl sulfate is formed only 
when such acid is used. From a semi-quantitative study of the reaction, 
these investigators concluded that the essential reaction is between 
ethylene and pyrosulfuric acid, and that this adds not as an acid but as 
an anhydride, giving ethionic acid (II) directly. 

CHi=CHi 

HOSO2OH -I- SO, HOSO2—OSO2OH -^ II 

When sulfuric anhydride is in excess, this reacts with II to form carbyl 
sulfate. 

Michael’s work indicates that nitric acid and sulfuric acid do not 
add to ethylene as HO—NO 2 and HO—SO 2 OH, and consequently that 
there is no analogy in the chemistry of simple alkenes tx) support the 
addition-elimination theory of the aromatic substitutions. It may be 

Miohael and Weiner, ibid., S8, 294 (1936). 
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remarked, however, that a comparison of benzene with ethylene is per¬ 
haps of doubtful value. That the acids function as H—ONO 2 and 
H—OSO 2 OH with ethylene hardly provides a useful clue to the course of 
the reactions with benzene, for similar additions are out of the question 

in the latter case. The reaction —CH=CH- 1 - H— OSO3H ^ — 

CH 2 CH( 0 S 03 H)— is reversible even with alkenes, and, since a dihydro- 
benzenoid addition product of this type could stabilize itself only by 
reverting to the components, it is clear that in the aromatic series the 
equilibrium must represent a condition amounting practically to non¬ 
addition; addition in this manner probably has no significance except, 
perhaps, in promoting a deuterium exchange. With this mode of reac¬ 
tion blocked, the acids in question evidently act upon benzene in some 
other way, and the addition hypothesis represents one possibility. It is 
also possible that substitution involves merely a direct metathesis, 
CgHs I H + HO ; NO 2 . Substitutions of this type apparently occur in 
the nitration of alkanes with dilute nitric acid and in the nitration 
of toluene in the side chain under similar conditions. 

As an alternative mechanism, Michael suggested that nitration and 
sulfonation may involve the addition of a nuclear hydrogen atom and 
the aromatic residue to an unsaturated oxygen of the acid and the 
attached nitrogen or sulfur, respectively. Water is then assumed to 
separate from the addition product, the complete process being as fol¬ 
lows: CeHsH + N 02 ( 0 H) [C 6 H 5 NO(OH) 2 ] -> CeHsNOz + HjO. 

It is assumed that bcnzenesulfonic acid can result from an addition of 
benzene to sulfuric acid, SO3, or S 2 O 6 , and that the diphenyl sulfone 
formed in the reaction with fuming sulfuric acid arises by an addition 
of two molecules of benzene to S 2 O 6 . While this mode of addition repre¬ 
sents a possible course for at least some aromatic substitutions, the 
theory has no firmer foundation in experimental evidence or analogy 
than the others. The mechanism .su^ested for the sulfonation process 
seems questionable, for two centers of unsaturation present in sulfuric 
acid are both semi-polar (p. 1827) double bonds, and it is doubtful 
whether they are amenable to additions comparable with additions to 
C==0 or C==C. The addition product would have an electronic structure 
characterized by a shell of twelve electrons surrounding sulfur, and such 
a structure seems .subject to question. 

No very satisfactory conclusion can be drawn from this survey of 
two characteristic sutetitution reactions, for it appears that the mecha¬ 
nism of the processes is still an open question awaiting further experi¬ 
mental investigation. 

Konowafow, Ber., 38, 1862 (1896). 

Markownitoff, Ann., 903, 16 (1898). 
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Halogenation and the Friedel-Crafts Reaction (p. 553). The idea 
that the catalyzed bromination of benzene may proceed through an addi¬ 
tion to the unsaturated nucleus and an elimination of hydrogen bromide 
was suggested by Armstrong at an early date, and a number of obser¬ 
vations have accumulated which seem to support the h 3 rpothesis. Abun¬ 
dant analogy can be found in the aliphatic series for the 1,2- or 1,4- addi¬ 
tion of bromine, and there are substitutions which seem to occur by an 
addition-elimination mechanism. a,a-Diphenylethylene and triphenyl- 
ethylene,*'® for example, yield substitution products on bromination at a 
somewhat elevated temperature, and an intermediate addition product is 
sufficiently stable to be isolated only in the case of the latter hydrocarbon. 
Furthermore, definite and well-characterized halogen-addition products 
are known in the aromatic series. Phenanthrene reacts with bromine in 
carbon disulfide in the cold to give the crystalline 9,10-dibromide, and 
this decomposes on being heated with the formation of 9-bromophenan- 
threne and hydrogen bromide. Anthracene adds bromine at a tempera¬ 
ture well below zero, and the 9,10-dibromide decomposes at room 
temperature. Somewhat more stable dibromides of a-haloanthracenes 
have been prepared,'®* and anthracene dichloride has been well charac¬ 
terized.*®" The isolation of a similar addition product in the furan series 
is reported by Gilman and Wright.’®* Benzene itself forms addition 
products with chloiine and bromine, although in this case three mole¬ 
cules of halogen invariably are absorbed and intermediate products are 
unknown.* Ferric bromide, and other metal halides and halogen car¬ 
riers, promote the formation of bromobenzene, but in the absence of such 
catalysts benzene is converted into the hexabromide, the addition reac¬ 
tion proceeding particularly rapidly in the sunlight. 

It would appear {wssible on the basis of the foregoing observations 
that in any case benzene and bromine first combine, probably reversibly, 
to form a l,2-(or 1,4-) dibromide, and that the fate of this unsaturated 
intermediate is determined by the presence or absence of a catalyst of 
the specific type favoring substitution. Without such a catalyst the 
unsaturated intermediate rapidly absorbs two additional moles of bro¬ 
mine, but if ferric bromide or a similar substance is present this catalyzes 

Armstrong, J• Chem. Soc,t W, 258 (1887). 

“*Hepp, Ber., 7, 1409 (1874). 

•“HeU and Wiegandt, Ber., $7, 1431 (1904); Klages and Heilmann, Ber., 37, 1455 
(1904). 

’** Barnett and Cook, J. Chem. Soc., UB, 1084 (1924); Barnett and Mathews, Bee, 
trav. ehim., 43, 630 (1924). 

Meyer and Zahn, Ann., 398, 171 (1913). 

*** Gilman and Wright, J. Am. Chem. Soc., n, 3349 (1930). 

* For references to work on mizod halides, see van der Linden, Bee. trav. chim., SB, 282 
(1936). 
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the elimination of hydrogen bromide and a stable substitution product 
results. There are some indications in the chemistry of aliphatic halogen 
compounds that metal halides can function in the manner postulated. 
Gustavson observed that, in the Friedel and Crafts reaction with ben¬ 



zene, n-propyl bromide yields isopropylbenzene, and Kekul6 showed 
that this is because the normal halide is converted into the isomeric 
halide under the influence of the aluminum bromide employed to effect 
the condensation. Presumably the isomerization is the result of the 
catalyzed elimination of hydrogen bromide, and re-addition, and Kerez 
reported that propylene can be obtained on conducting the isomerization 
at an elevated temperature. Victor Meyerobserved that on bromina- 
tion of aliphatic halides in the presence of ferric chloride or antimony 
pentachloride the second halogen invariably enters a position adjacent 
to that occupied by the first, and he considered that the reaction probably 
proceeds as foUows: 

RCHjCHBrR' — > RCH=CHR' > RCHBrCHBrR' 

The plausibility of the classical addition-elimination theory as applied 
to bromination has been the subject of much debate, but only recently 
has the validity of the mechanism been submitted to direct test. The 
matter hinges on the question of whether a dibromide is a necessary 
precursor of a pven bromo-substitution product, and, although the 
dibromide of benzene is not available for experimentation, there is no 
theoretical objection to the use of the crystalline 9,10-dibromides of 
phenanthrene and anthracene to settle the point at issue. Price under- 

See Wagner, Ber., 11, 1261 (1878). 

n* Kekulfe and Schrdtter, Ber., 13. 2279 (1879) ; Ouatavson, Ber., 16, 958 (1883). 

“•Keren, Ann., 331, 28S (1886). 

•*’ Meyer end Muller, J. pnM. Chem., (2] 46, 182 (1892); Moyer and Petrenko- 
Kritadkenko, Ber., 36, 3304 (1892). 

“• Prioe, J, Am. Chem. Soc-, 68 , 1834, 2101 (1936); see also, Fieser and Price, Ond. 
W. 18^ (1930). 



AROMATIC CHARACTER 


181 


took an investigation of phenanthrene dibromide with this end in view 
and found, in the first place, that the addition reaction between phenan- 
threne and bromine in non-aqueous solvents is reversible and that the 
position of the equilibrium and the rate of the reaction are measurable by 
analytical methods ( —= 3.2 Cal.). He found further that the 
addition of bromine is a chain reaction, possibly propagated by free radi¬ 
cals and bromine atoms (1), the evidence being that the reaction is in¬ 
hibited by substances such as diphenylamine and tetrabromohydro- 
quinone which can donate atoms of hydrogen to combine with bromine 
atoms and break the chain, reverting thereby to stable compounds (tetra- 

[CH (CHBr Br^ fCHBr 

CijHsI 11 + Br CijHgi | ^ CiaHsI 1 -|- Br (1) 

(CH (CH •• (CHBr 

phenylhydrazine, tetrabromoquinone). Estimations of the number of 
molecules in the chain indicated that the chain length decreases with in¬ 
creasing temperature, wliich accounts for the absence of a temperature 
coeflScient in the measured reaction. Kharasch, White, and Mayo 
later showed that the addition is a photochemical, oxygen-catalyzed re¬ 
action. 

On investigating the influence of various halogenation catalysts, 
Price observed that aluminum chloride, antimony pentachloride, stannic 
chloride, iodine, and similar substances promote the substitution reac¬ 
tion, as indicated by the liberation of hydrogen bromide, when added to a 
solid ion containing phenanthrene, bromine, and the dibromide. Some 
of these reagents influence the addition reaction as well, and the effect 
may be either to accelerate or to retard the addition of bromine. Iodine 
inhibits the formation of phenanthrene dibromide, probably by inter¬ 
acting with chain-propagating bromine atoms, but it acts as a typical 
catalyst of the reaction leading to the production of 9-bromophenan- 
threne and the liberation of hydrogen bromide. The most important 
point at issue was to determine whether these products arise from the 
direct decomposition of phenanthrene dibromide or by some other route, 
and the results supported the latter conclusion. The pure dibromide is 
stable in solution at 25® and does not revert to the equilibrium mixture 
containing phenanthrene and bromine unless a trace of free bromine is 
present. The addition of iodine to a solution of the pure dibromide pro¬ 
duces no change, and hydrogen bromide is liberated only after a trace of 
free bromine has been introduced. The rate of HBr-formation is then no 
greater than in a solution initially containing equivalent amounts of 
phenanthrene and bromine. Evidently 9-bromophenanthrene is not 

**• Kbaraecb, White, and Mayo, J. Org. Chem., S, 674 (1938). 
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produced by the elimination of hydrogen bromide from the addition 
product, and indeed when phenanthrene dibromide is treated with potas¬ 
sium acetate-hydroxide in methanol solution it yields phenanthrene 
rather than 9-bromophenanthrene.’^* The addition-elimination theory 
seems to be definitely excluded by these observations, and it appears that 
the dibromide is not a necessary precursor of the substitution product 
but that it probably is formed from a radical or ion. If a radical is 

fCHBr fCBr 

CijHg ] 1 + AaBrg —» CisHg | |j + HBr + AoBrg—i (2) 

(CH- ICH 


involved in the first phase of the reactions, a catalyst A may function in 
combination with bromine as a hydrogen acceptor and so influence the 
rate of substitution (2). 

Price notes that tlie substitution can be interpreted equally well on 
the assumption that the essential intermediate subject to influence by 
catalysts is a codrdinative complex of a type suggreted by Pfeiffer and 
Wizinger.^“ These authors observe that the usual catalysts (FeBrj, 
AICI 3 , SbCls, SnCli, I 2 ) are all substances capable of forming complex 
anions with chlorine or bromine, and they po,stulate the formation of 
polar complexes of the type indicated in formula 1. It is considered that 



-j- Brj -b FeBig 


H 



H 

Br 


FeBrg" 


the ionic charge is only weakly developed except when polar groups are 
present in the ring, and that such groups by repulsion or attraction deter¬ 
mine the localization of the charge and hence fix the orientation (see 
below). The formulation is supported by the Lsolation of complexes as 
intermediates in the bromination of a,a-di-(p-dimethylaminophenyl)- 
ethylene, for example, {[(CH 3 ) 2 NC 6 H 4 —] 2 C“''—CH 2 Br}Br 3 ~ Accord¬ 
ing to this theory, the bromination of phenanthrene follows the course 
indicated in scheme (3), where A is the catalyst molecule. 

fCH r fCHBr'|+ fCBr 

+ CiJH.jl ABr--^C,JI.||^ -fHBr + A (3) 

Fieser, Jacobsen, and Price, /. Am. Chem. 8oc„ #8, 2163 (1936). 
lu Pfeiffer and Wizinger, Ann., 481, 132 (1628). See also Pfeiffer and Schneider, J. 
prakL Chem., (2J U9, 129 (1931); Wiainger, Z. catgew. Chem., 44, 469 (1931); ibid., 46, 
?56 (1633); Meerwein, ibid., S8, 816 (1626). 
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The conclusions regarding halogenation probably are applicable to 
the Friedel and Crafts reaction, for there is considerable correspondence 
in the two processes. Both reactions proceed under the catalytic influ¬ 
ence of specific metal halides, and hydrogen halide is a product of both 
substitutions.'*® In the catalyzed reaction of acid chlorides, there is 
some analogy in the action of these substances and of bromine on com¬ 
pounds containing isolated double bonds. Darzens '** observed an inter¬ 
mediate addition in the reaction of acetyl chloride with cyclohexene, and 
the chloroketone II was further characterized by Wieland and Bettag.'®* 

H,</ CH cHjCoa H,C ^HCOCH, aici, H,(/ iCCOCH, 
H.<!; Hjh aic‘ 3 ^ H,<i; <!:hci ^ <!!:h+hci 

^ch/' ^ch/ 

n in 

The addition occurs at a temperature of —18°, and, at a somewhat higher 
temperature, in the presence of aluminum chloride, hydrogen chloride is 
eliminated and the unsaturated ketone III i.s produced. The analogy to 
the addition of bromine to an alkene and to the catalytic decomposition of 
a bromide i.s evident. The Darzerts reaction has been adapted to synthetic 
purposes '** and affords a convenient method of effecting cyclizations. 
Because of the reactivity of the isolated ethylenic linkage as compared to 
a benzenoid double bond, the milder condensing agent stannic chloride is 
usually employed to effect the addition, and hydrogen chloride is elimi¬ 
nated with the use of dimcthylaniline. 

From a practical point of idew, there are important differences in the 
Friedel and Crafts synthesis of ketones and of alkylated hydi-ocarbons. 
In the former case the unsaturated group introduced decreases the reac¬ 
tivity of the nucleus and a sharp stopping point is reached at the stage of 
monosubstitution, whereas the introduction of an alkyl group facilitates 
further reaction and some polysubstitution is inc\ntable. This difference, 
however, does not alter the theoretical aspects, and the same can be said 
of the fact that the amount of aluminum chloride required for the reac¬ 
tion with alkyl halides is only a small fraction of that which must be used 
to effect conden.sation with an acyl halide or an anhydride. In the typical 
Friedel and Crafts ketone synthesis both tlie acid chloride and reaction 
product form with aluminum chloride complexes which are stable in the 
anhydrous reaction mixture, and it is necessary to employ at least one 

Schaarsebmidt, 2. anjfeuJ. CAcm., 37, 286, 802 (1924). 

Darxona, Conipt. rend., 160, 707 (1910). 

Wieland and Bettag, Ber., 65, 2246 (1922). 

Cook and Lawrence, J, Chetn, 1637 (1935). 
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full equivalent of the metal halide. A number of these complexes were 
isolated by Perrier,** and Kohler *•* found from boiling-point and freez¬ 
ing-point determinations that the Perrier compounds invariably are 
composed of two molecules of the carbonyl compound and one (“double”) 
molecule of aluminum halide; AI 2 X 6 • 2RCOC1, and A 12 X 6 - 2 R 2 CO. 
It was established further that the complexes are not formed by addition 
to the carbonyl group, for aluminum halides form double compounds 
with ethers as well as with carbonyl compounds. With this observation, 
Kohler characterized the Perrier compounds as oxonium salts, and the 
work was confirmed and extended by Pfeiffer.** Kohler employed the 



noncommittal formulation IV, for the benzoyl chloride complex, and a 
possible interpretation is given in fonnula V. 

Oddly enough, instead of playing an essential part in the ketone 
synthesis, these complexes if anything hinder the reaction. This is 
particularly true of the double compound of the ketone formed in the 
condensation. It is because the ketone binds aluminum chloride so 
firmly as to render it unavailable for catalysis that a molecular equivalent 
of the halide is required to complete the reaction. The complex from the 
acid chloride, although it is not measurably dissociated in boiling carbon 
dif 3 ulfide solution, appears to be somewhat less stable, for Olivu'r ** 
fouird that the addition of benzophenone to a solution containing the 
Perrier compound from benzoyl chloride and aluminum chloride pre¬ 
vented the reaction of this compound with benzene. The ketone e\d- 
dently abstracts the metal halide from the acid chloride complex. Olivier 
observed further that a slight excess of free aluminum chloride has a 
stronger catalytic action than that bound by the acid chloride. The 
Perrier compounds therefore are not concerned with the actual substitu¬ 
tion reaction, and their formation in the course of one type of Friedel 
and Crafts condensation is fortuitous. 

Many years ago Gustavson *™ isolated labile complexes from benzene 
or toluene and metal halides, for example AlBra-SCeHe (or possibly 
Al 2 Br 6 * 6 C 6 H»), and he suggested that these secondary valence com¬ 
pounds may activate the ring for reaction wdth halogens. The idea was 

‘“Perrier, Compt. rend., 116, 1140, 1298 (1893): 119, 276 (1894). 

Kohler, Am. Chem. J., M, 386 (1900); W, 241 (1902). 

“•Pfeiffer end Haack, Ann., 460. 166 (1928). 

“» Olivier, Chem. Weehblad, 11. 872 (1914). 

»«Ou8tovBon. Ber., 13, 157 (1880): 16, 784 (1883). 
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later elaborated and applied to the Friedel and Crafts reaction by 
Schaarschmidt,J“ but there is as yet no evidence that such complexes 
play a part in the actual reaction. Since Gustavson's complexes are 
stable only at a temperature considerably below that ordinarily main¬ 
tained in the reactions, it is indeed unlikely that they are concerned with 
the substitutions. If intermediate complex formation constitutes an es¬ 
sential step in the substitution, this more probably involves a combination 
between the organic halide, the metal halide, and the hydrocarbon. 
From anthraquinone, a carbonyl compound incapable of undergoing the 
Friedel and Crafts reaction, Kohler succeeded in isolating a complex 
containing three components, Al2BrG-Ci4Hg02 ^CeHe. When a reac¬ 
tive carbonyl component (acid chloride, anhydride) is used, it is possible 
that a similarly constituted but labile complex is formed. In view of the 
clear analogy between the Friedel and Crafts reaction and the process of 
catalytic halogenation, the most plausible formulation is perhaps that of 
Pfeiffer and Wizinger. 

2 + 2RC1 -f AljCl, AijCla" -* 2 cx + 2HC1 + A1,C1, 

Reactions of Phenols and Amines. Certain substitution reactions 
are so specific to phenols and amines, in contrast to other aromatic com¬ 
pounds, that, it will be well to consider the possibility that they follow 
a course different from other substitutions. The coupling reaction, and 
the related proc'e.s.s<'s of nitrosation and condensation with p-nitroso- 
dimethylaniline, fall into this category; other specific substitutions in¬ 
clude the rapid, non-catalytic halogenation of phenols and amines in 
dilute solution, the condensation of these substances with aldehydes, 
and the formation of various tyiies of C-alkyl derivatives. It is signifi¬ 
cant that all these reactions are characteristic as well of the aliphatic 
enols, and the mechanism probably is essentially the same with the two 
types. The po,ssibility that the substitution reactions of either the 
phenols or their aliphatic prototypes is associated in any way with 
a process of tautomerism may be eliminated. Dimroth i'” examined 
several pairs of aliphatic keto-enol tautomers which were known not 
to undergo appreciable change under conditions suitable for coupling 
experiments (in alcohol at 0°) and found that only the enolic forms react 
with p-nitrobenzienediazoic acid: —C(OH)==CH— —> —C(OH)= 
C(N=NAr)—. The examples included one pair of a ne^aromatic 
type, l-phenyltriazolone-5-carboxylic acid (la) and the corresponding 

Thiele, Ann., S06, 129 (1809). 

1” Dimroth, Ber., 40, 2404 (1907). 
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enol. While the keto form (la) failed to react, the enol (16) coupled 
with displacement of the carboxyl group. 


C.HsN- c/ 

I I^H 

N CO 


CO»H 


\\r/ 


la 


CsHsN- 

i 

N 


-CCOjH 


COH 




Ib 


A test of the point in the aromatic series became po.ssible with K. H. 
Meyer’s ™ isolation of the pure tautomers authranol (Ho) and enthrone 
(II6). While phenols and naphthols show little tendency to ketonize, 
the isomerization of the 9-hydroxy derivative of anthracene is favored 
both by the reactive o-quinonoid structure of the enol and by the sta¬ 
bilizing influence on the central nucleus of the koto form exerted by the 
two flanking benzene rings. The cold solution in alcohol contains at 
equilibrium 89 per cent of the nearly colorless, non-fluorescent an throne, 
while pyridine produces complete isomerization to anthranol, a yellow 
substance which is strongly fluorescent in dilute solutions. Acetone, as 


OH O 



H, 

Ila lit 


compared with alcohol, displaces the equilibrium in favor of the keto 
form. In suitable solvents, and in the absence of acids or bases, the 
change from one form to the other occurs sufficiently slowly to enable 
tests to be made of the reactivity of each tautomer, and Meyer found 
that anthranol alone enters into reactions characteristic of phenols. 
Anthranol couples easily with diazotized amines and is oxidized at once 
to dian throne, while an throne reacts in each case only to the extent that 
it isomerizes under the conditions of the experiment. There is no justi¬ 
fication for attempting to associate the special properties of phenols and 
amines with the evidently fortuitous fact that these compounds theoreti¬ 
cally are capable of reacting in tautomeric forms, for in a test case it is 
established that the ketonic modification is wholly devoid of reactivity. 
Another possibility is that the mobile hydrogen atoms of the OH 
and NHj groups suffer temporary replacement by the substituting radi¬ 
cal. The substituent may first enter the hydroxyl or amino side chain 

Meyer, Ann., 879, 37 (1011). 
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and then rearrange to the nucleus, and the hypothesis that the character¬ 
istic reactions .proceed by an indirect substitution or “side-chain 
catalysis” is lent plausibility by the fact that certain substitutions 
definitely follow the course of a true intramolecular rearrangement. A 
case in point is in the preparation of sulfanilic acid from aniline sulfate. 
Bamberger showed that the aniline sulfate loses water on being 
heated and gives phenylsulfamic acid, IV, which can be prepared also by 
condensing phenylhydroxylamine with sulfur dioxide, the product being 
isolated as the stable sodium .salt. On moderate heating, the sulfonic 
acid group of IV migrates to the ring to give orthanilic acid, V, which, at 
a higher temperature (180°), rearranges to the p-isomer, VI. The format 
tion of ortho and para compounds Is in marked contrast to the production 
of metanilic acid by the direct siilfonation of aniline sulfate with fuming 
sulfuric acid. The rearrangements were interpreted by Lapworth ™ in 



terms of his a, 7 -rule, which in this connection has no theoretical implica¬ 
tions other than the assumption of the Kekul6 formula, but w’hich is of 
great value in correlating a large number of intramolecular shifts. In the 
enol —» keto change, or the reverse, hydrogen migrates from the a- to 
the 7 -position, with transposition of the double bond to the original a,P- 

CHa CHa 

I 1 

H—0—C=CHC02R 0=C—CHjCOjR (1) 

a 6 1 y $ a 

OH 

RCHCH=CHj + HCI -♦ RCH=CIICH2C1 -|- HjO (2) 

a T 

position (1), while in the allylic rearrangement (2) a similar process 
occurs in the course of the exchange of groups. In the case of an amine 

van Alphen, Ree. iron, chim., 46, 804 (1927). See, also, Blanksma, ibid., 21, 281 
(1902). 

”• Bamberger and Hindermann, Ber., SO, 654 (1897); Bamberger and Kuna, Ber., SO 
2274 (1897). 

U* Ijapworth, J. Ckem. Soc., 78, 445 (1898). 
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or phenol derivative, the a, 7 -migration of the group A is followed by an 
a, 7 -«hift of hydrogen in the reverse direction. The -para position is 



reached by a second migration in the new a, 7 -system. This interpretar 
tion accounts adequately for the fact that meta derivatives are never 
formed by true rearrangements. 

Other examples of rearrangements (p. 965), with indications of the 
nature and direction of the migrations, are given in the accompanying 
formulas. 



In the first three, rearrangement is brought about at low temperatures 
by treatment with acids; N-methylaniline rearranges when the hydro¬ 
chloride is heated to about 300®, while migration of the tripbenylmcthyl 
group occurs at 160° in the presence of zinc chloride. The question of 
whether reactions of this type proceed by a true intramolecular migra¬ 
tion or intermolecularly has been investigated particularly with reference 
to the conversion of N-chloroacetanilide into p-chloroacetanilide under 
the influence of acids. From an extensive study of the problem, Orton 



and co-workera • concluded that in aqueous acid solution the chloro- 
amine suffers hydrolysis, CeHsNCaiCOCHa + HCl CeHsNHCOCHa 
+ Cls, and acts as a source of chlorine for a nuclear substitution. Olson 

* The priacipal evidence is sununarized in the following papers and reviews: Orton 
ami Jones. Brit. Assoc. Adxancement Set. Repts., 1910, p. 86; Orton, Soper, and WilUams 
/. Chem. Soc., 998 (1928); Ingold, Ann. RepU. Chem, Soc. {London), 14. 164 (1927). 
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and co-workers studied the rearrangement in the presence of radio¬ 
active hydrochloric acid, however, and concluded that the reaction 
proceeds partly as suggested by Orton and partly by a more complex 
process.^™ Bell has reported that in non-dissociating solvents the re¬ 
action is probably intramolecular. 

A particularly clear distinction between rearrangement and direct 
substitution can be made in the case of the formation of o-allylphenols 
by the methods discovered by Claisen.**’ Claisen found that potassium 
phenolate can be converted by the action of allyl bromide largely into 
either the 0-allyl or the C-allyl derivative according as an ionizing or a 
non-ionizing solvent is employed, and he also observed that the allyl 
ether VII rearranges to o-allylphenol (VIII) on being heated. 




From these facts alone it might bo supposed that in the course of reac¬ 
tion in benzene solution the ether is formed and rearranges to the nuclear 
substitution product VIll, but it was found that the ether does not 
rearrange under the conditions of the alkylation. An absolute proof of 
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CeHjOH -I- RCH=CHCH2Br 
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CHiCH=€HR 


*1’ Olson, Porter, Long, and Halford, J. Am. Chem. Soc., 68, 2467 (1936). 
u* Olson and Hornel, J. Org. Chem., 3, 76 (1938). 

Bell, J. Chem. Soc., 1154 (1936). 

Claisen, Z. angew. Chem., 36, 478 (1923); Claisen, Kremers, Roth, and Tietie, 
Ann., 448, 210 (1926); Claisen and Tietie, Ann., 449, 81 (1926). See Torbell, Chem. Bee , 
87. 495 U940I. 
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the point is furnished by introducing a marking substituent in the allyl 
group, for then the product (IX) obtained by 0-aJkyIation and rear¬ 
rangement is found to have the alkyl group in the a-position of the allyl 
chain, whereas the direct alkylation in benzene gives a y-substituted o- 
allylphenol, X. The Claisen rearrangement may proceed through an 
a, 7 -Bhift, or allylic transformation, with respect to both the nucleus and 
the hydrocarbon group,but it is evident that the process is entirely 
distinct from that of direct C-alkylation. A knowledge of the course of 
the former reaction consequently is of no value in elucidating the mecha¬ 
nism of the substitution. The same distinction exists between the rear¬ 
rangement of allyl ethers of aliphatic ends and the C-allylation of the 
enols. With respect to direct substitution, the enols differ from the 
usual phenols only in being sufficiently reactive to yield C-alkyl deriva¬ 
tives with saturated alkyl halides, while phenols react in this way only 
with the more reactive /9,7-unsaturated alkyl halides. In the case of 
anthranol, however, the distinction vanishes for, owing to the enhanced 
reactivity of the central nucleus, C-alkylation occurs in part in the reac¬ 
tions Vr-ith methyl and ethyl iodide. 

A direct C-alkylation probably is involved also in the firet step of 
the Reimer-Tiemann reaction, in the manner indicated in the formulas. 
The succeeding steps have been established definitely by Armstrong. 



(stable in alkali) 


Although the dichloromethyl derivative of phenol has not been isolated, 
evidence that such an intermediate is produced is afforded by the work of 
von Auwers,‘“ who discovered an interesting type of by-product in inves¬ 
tigating the reaction of chloroform with various alkylated phenols in 

Lauer and Filbert, J. Am. Chem. 80 c., 58, 1388 (1936); Lauer and Ungnade, Md., 
58, 1392 (1936),have reported the anomaloilB rearrangement C»H»OCHjCH=CHCH»CHj 
-♦ C6H4(0H)CH(CH,)CH==CHCH». 

“‘Armstrong and Richardson, J. Chtm. Sac., 496 (1933). 

V, Auwers and Wintemits, Rer,, 85, 466 (1902); v. Auwers and Keil, J5er., 85, 4207 
(1902). Woodward, J. Am. Chem. Soe., 68, 1208 (1940), has applied the reaction to the 
K^tbeais ot polynuclear compoonds having angtilar methyl groups. 
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alkaline medium. p-Cresol, for example, was found to yield in addition 
to a hydroxyaldehyde a considerable quantity of a crystalline compound 
which was fully characterized as the chloroketone XI. The substance is 
hydrolyzed only with difficulty, it reacts with the usual ketone reagents, 
and on reduction it yields p-cresol and methylene chloride. Rather than 
block this form of substitution, alkyl groups seem to promote reaction at 
the point of their attachment to the nucleus, and the chloroketones are 
sometimes formed in yields as high as 40 per cent of the theoretical 
amount. The formation of these compounds shows clearly that the 
entrance of the diehloromethyl group into the ring, as supposed above, is 
possible. The observation also provides a significant clue regarding the 
mechanism of C-alkjdation, and consequently of the other specific substi¬ 
tution reactions of phenols and amines. The chloroketone XI cannot 



arise by a process of direct replacement, and a condensation of chloroform 
with the keto form of p-cresol is excluded by the evidence presented 
above and by the fact that the reaction is conducted in a strongly alkaline 
medium. The reaction must involve some form of addition of chloro¬ 
form to the unsaturated nucleus, followed by the loss of potassium 
chloride. The reaction is particularly significant because it involves the 
transformation of an aromatic ring into a dihydrobenzenoid ring.* 
Such a change is observed frequently with the polynuclear compounds 
but, because of the adverse energy relationships, is rarely encountered 
in the benzene series. The occurrence of the addition is particularly 
remarkable because an alternate path is open leading to the formation 
of the o-hydroxyaldehyde. For these reasons this case of addition can 
hardly be dismissed as an abnormal side reaction but must be regarded 
as intimately associated with the process leading to the more usual 
C-alkylation. 

The coupling reaction of amines and phenols and the process of 
nitrosation are appropriately considered together. The similarity be- 

• It is important to note that the chloroketone XI does not have a quinonoid structure, 
for only one of two para carbon atoms is douWy bound to another element. The degree of 
unsaturation and conjugation is considerably less than that of a quinone or a quinonoid 
compound and the substance is colorless. The corresponding quinol (OH in place of 
CHClj) is likewise colorless. 
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tween these two processes extends to the conditions and limits of the 
reactions, the orientations, and the structures of the reagents, at least in 
the forms HO—N==0 and HO—N^NCeHg. The latter formula is that 
of the substance resulting from the hydrolysis of benzenediazonium 
chloride, [C6HsNsN]+ + OH” «=i CeHgN^NOH (the hydrolysis con¬ 
stant atO°is 1.25 X 10~^).* In the early literature the substance was 
termed benzenediazohydrate or benzenediazohydroxidc, but, since it is a 
weak acid comparable with nitrous acid and forms metal salts which are 
called diazotates, the name benzenediazoic acid seems preferable. Co- 
nant and Peterson *** studied the kinetics of the coupling of diazotized 
amines with phenols in the region pH 5-8 and found that the rate of the 
bimolecular coupling reaction increases regularly with increasing hy¬ 
droxyl-ion concentration. The amount of aryldiazoic acid present in 
equilibrium with the diazonium ion increases with increasing pH, and 
Conant and Peterson interpreted their data as indicating that coupling 
occurs between the aryldiazoic acid and the undissociated phenol. Gold¬ 
schmidt had observed in qualitative experiments that alkali in excess 
has a retarding influence on the reaction, and this could be due partly to 
the removal of the phenol from the equilibrium as the phenoxidc ion and 
partly to a decreased concentration of (he aryldiazoic acid by virtue of 
its acidic ionization. Wi.star and Bartlett,™ howe\’er, have pointed out 
that the results agree equally well with the hypothesis tliat coupling 
occurs between the diazonium ion and the phenoxid(“ ion. These inves¬ 
tigators studied the rate of coupling of diazonium salts with amines in the 
pH range 2-6 and found t hat the velocity at fii-st increases with increasing 
pH and then reaches a plateau value. Their kinetic data are consistent 
with only one jjlau.sible interpretation, namely, that the coupling is Ixi- 
tween the diazonium ion and the free amine. Although the quantitative 
studies have not been extended to the alkaline range, it seems probable 
that in all cases the diazonium ion constitutes one of the active coupling 
components and that the second component is the free amine or the 
phenoxide ion. In the following discussion of the general problem the 
aryldiazoic formulation is used both as a matter of convenience in out¬ 
lining earlier views and in order not to lose sight of the marked analogy 
between the processes of coupling and of nitrosation. 

The possibility that the coupling of a phenol proceeds by attachment 
of the diazo group to oxygen and subsequent rear rangement of the diazo 

♦ For a review of the properties and stmetures of the diazo compounds, see Saunders, 
“The Aromatic I>iazo Compounds,”Longmans,Green and Co. ,IjOndon(1936),pp. 173-213. 

•“Conant and Peterson, /. Am. Chem. Soc., H, 1220 (1930). 

•“Goldschmidt and Morz, Ber., 8«. 670 (1807); Ber., 35, 3534 (1902). 

*“ Wietar and Bartlett, J. Am. Chem. Soc., 63, 413 (1941). 
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ether was discuased as early as 1870 by Kekul^,**^ and the hypothesis 
was given prominence by Dimroth’s discovery of ethers of this type. 
From the enolie form of tribenzoylmethane (potassium salt), Dimroth 
obtained a yellow diazo ether which isomerizes when heated above the 
melting point to a red C-azo compound. From the interaction of p- 


OH 


O—N=NC6H6 


C,H6C=C(COC,Hs) 2 + HON=NC«Il5 -C6H6C=C(COC6Hs)2 


Heat 
- > 


O N=NCeHs 

II I 

CsHtC—CCCOCells)* 


bromobenzenediazoic acid and p-nitrophenol in the presence of soda 
and alcohol, he succeeded in preparing the labile diazo ether XIII. 
The substance is easily cleaved by acids to p-nitrophenol and a p-bromo- 
benzenediazonium salt, it gives up the diazo group to j3-naphthol with 
liberation of p-nitrophenol, and it Is converted into a true o-azophenol, 
XIV, on being heated gently. That the ether is sufficiently stable to be 
isolated is probably due to the influence of the nitro group in rendering 
the aromatic ring loss susceptible to the entrance of the diazo group, but 
Dirnroth recognized that the u.se of the rather strongly acidic p-nitro- 
phonol ha.s the theoretical disadvantage that the product may be merely 
a diazonium salt [BrCfiH 4 N=N]'*' 02 NC 6 H 40 ~. In a later investiga¬ 
tion,’**® however, it was found that the substance has very little conduc¬ 
tivity and consccjutintly is not a salt. A true diazo ether was prepared 


OH 



NOi 
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O—N=NC8H4Br 


OH 


BrCiiH,NjOH 




N==NCi>H 4 Br 


also from the weakly acidic pentamethylphenol, in which nuclear substi¬ 
tution is impossible, the other component being the unusually stable 
diazonium salt from 4-benzoylammo-l-naphthylamine. The properties 
of the substance are essentially as outlined above, and the conductivity 
is negligible. The product obtained from picric acid, on the other hand, 

>«’ Kekul6 and Hidegh, Ber., 3, 233 (1870). 

Dimroth and Hartmann, Ber., il, 4012 (1908). 

!•* Dimroth, Leichtlin, and Friedemann, Ber., 60, 1534 (1917). 
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proved to be a diazonium salt and not a diazo ether. Diazo ethers have 
been prepared also from l-halo-2-naphthols.'*’ 

While the isolation of diazo ethers seemed to Dimroth to support 
the hypothesis that the ordinary coupling reaction proceeds through the 
formation and rearrangement of an intermediate ether, no evidence has 
been presented to show whether thase substances are essential to the 
coupling process, or merely incidental products formed in an independ¬ 
ent reaction. By analogy with the similarly constituted N-azo com¬ 
pounds, it may be inferred with reasonable assurance that they are 
not concerned in the actual process of substitution. Diazoaminobenzene 
(XV) results from the interaction of benzenediazonium chloride and 
aniline in a neutral or alkaline medium, and it is reconverted by hydro¬ 
chloric acid into the components, or their transformation products. 
Conversion of the N-azo compound into p-aminoazobenzene (XVI) 
can be brought about in a solution of the substance in aniUne containing 
anihne hydrochloride or in an alcoholic solution of hydrochloric acid, 
zinc chloride, or calcium chloride. The reaction is unimolecular 
and subject to acid catalysis, but the acidity must be kept below the 
point of total cleavage. The chief reason for believing that the reaction 
does not follow the course of an intramolecular rearrangement is that the 
diazo group can be captured by a foreign amine which has a sufficiently 
greater susceptibility to nuclear substitution.’*^ When submitted to 

N==NC«Hi NHs 

(C,HtNHKJl) 

- > 

N=NCeH6 
XVI 

“rearrangement” in the presence of dimethylanihne, diazoaminoben¬ 
zene yields a considerable amount of p-dimethylaminoazobenzene. The 
C8H6N=N— residue also can be transferred from diazoaminobenzene to 
the more reactive nucleus of m-toluidine.’** Of further significance is 
the observation of K. H. Meyer that the direct coupling of primary 
amines of the benzene series, without the preliminary formation of a 
diazoamino compound, can be realized by using a particularly reactive 
diazo component, by employing an amine of enhanced reactivity, or by 
conducting the reaction in a medium of such acidity that the N-azo 

’*® Rowe and Peters, J. Chem. Soc., 1065 (1931). 

1*1 Ooldscliiuidt and Reindera, Ser,, S9, 1369, 1999 (1S96); GoldaeSunidt and Salcher 
Z- phytik. Chem., 99, 89 (1899). 

1** Roseniunier and Unger, Ber., 61, 392 (1928). 

Ber., M, 2265 (W21). 
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compound is not stable. Examples of these processes are found in the 
formation of aminoazo compounds, rather than diazoamino derivatives, 
in the following cases: p-nitrobenzenediazoic acid + aniline, benzene- 
diazoic acid + m-toluidine or m-phenylenediamine, benzenediazoic acid 
+ aniline (in aqueous formic acid solution). As stated in an earlier 
section, direct coupling even in a neutral medium is the rule with the 
primary amines of the naphthalene series, owing to their reactivity. 
These observations all indicate that N-azo and C-azo compounds are 
formed in independent reactions. The apparent “rearrangement” of 
diazoaminobenzene probably involves acid cleavage to the diazonium 
salt and the amine, followed by a more rapid recombination of the com¬ 
ponents to give the nuclear substitution product. Since the acid concen¬ 
tration would remain constant in a given experiment, the rate-controlling 
reaction would be unimolecular. It is concluded that N-azo compounds, 
and by inference 0-azo compounds, are not essential to the actual process 
of substitution in the coupling reaction. 

In addition to the evidence that an indirect substitution is not in¬ 
volved in the coupling of phenols and primary amines, it is significant 
that tertiary amines, with which intermediate substitution in the side 
chain is not possible, couple readily with diazo components. K. H. 
Meyer discovered that many phenol ethers also are capable of coup¬ 
ling, although combination takes place less readily than with the 
corresponding free phenols. Some augmentation of the driving force 
is required, and Meyer found that this can be accomplished by suitable 
activation of cither component. The introduction of nuclear niti’o groups 
or halogen atoms increases the coupling pow'er of the diazo component, 
while alkyl or alkoxyl groups in the meUi position enhance the reactivity 
of a given ether. Conducting the coupling in glacial acetic acid solution 
in the presence of sodium acetate, Meyer obtained azo compounds in the 
following typical case.s: 

2,4-(N02)2CbH 3N=N0H -t- anisole 

0 -, m-, or p-N 02 C 6 H 4 N=N 0 H -b resorcinol dimethyl ether or a-naphthol 
methyl ether (Imt not anisole) 
p-BrC 6 H 4 N=NOH + a-naphthol methyl ether 
C«H6N=N0H + phlorogluciuol trimethyl ether 

The acetyl derivatives of phenols and amines do not react under com¬ 
parable conditions. Nitrous acid was found to react with a-naphthol 
methyl ether w ith loss of the methyl group. 

The fact that many phenol ethers and dialkylamines enter into the 
coupling reaction even though they are incapable of forming inter- 

Meyer and Lenhardt, Ann., 898, 74 (1913); Meyer, Irsohick, and Schldsser, Ber. 
47. 1741 (1914). 
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mediate 0-azo or N-azo compounds is a strong indication that such 
intermediates are not essential to the coupling of free phenols and of 
primary and secondary amines. There is little justification for supposing 
that phenol ethers couple by a path different from that taken by the 
phenols simply because they react somewhat less readily, since a high 
degree of reactivity is displayed by the dialkyl derivatives of aniline. 
As an alternate mechanism, applicable to the alkyl derivatives and free 
hydrogen compounds alike, Meyer suggested that coupling proceeds by 
an addition-elimination process. The para coupling of a free phenol is 
regarded as a 1,4-addition to the conjugated system of the nucleus, 
followed by the loss of water, either acros.s the ring (3) or from the 
methylenedihydroxy group (4), and enolization. In the case of an 
ether, the second mode of elimination may take precedence and lead to 
hydrolysis, and indeed such a result frequently is observed. According 
to this view the function of the hydroxyl or amino group is simply to 
activate the unsaturated system for addition. In support of the sug¬ 
gested mechanism is the observation of Meyer that the methyl ether 
of lO-methyl-9-anthranol, XVII, reacts with p-nitrobenzenediazoic acid 
to give a substance characterized as the methylarylazoanthrone XVIII. 
Some form of addition to the reactive central nucleus evidently occurs 



OR 





in this case, and according to the above scheme this takes the usual 
course (4) except that enolization cannot occur in the final step. 



02NC«H«N,0H 

- > 

(-CHgOH) 


0 



HjC N==NC»H4N0» 

XVIII 
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The observations of Meyer concerning the coupling of ethers were 
extended by von Auwers/** who compared the action of p-nitrobenzene- 
diazoic acid on a large number of alkylated phenols and their ethers. 
The most significant outcome of this work was the recognition of a very 
interesting difference in the influence of substituent groups depending 
on their location in the nucleus. In agreement with the observations of 
Meyer, von Auwers found that alkyl (or alkoxyl) groups in the yneta 
position to the functional group of a phenol or ether facilitate coupling, 
but he observed that alkyl groups in the ortho position had no activating, 
and perhaps a slight inhibiting, effect. wz-Xylenol ether (XIX), for 
example, couples more readily than m-cresol ether (XX) or perhaps 
than o-ethyl-m-xylenol ether (XXI). Coupling occurs with the methyl 
ether of »n.-creaol, but not with that of o-cresol. 

The influence of a meta alkyl group is understandable, for this type 
of group would be expected to facilitate substitution at an adjacent 


OCH, OCRs OCH 3 



XIX XX XXI 


position. It seems remarkable, however, that the substitution should 
be hindered by a group in the remote ortho position. The blocking 
effect of an ortho group has not been definitely established in the phenol 
ether series but has been observed strikingly in the reactions of amines. 
While dimethyl-w-toluidine (XXII) couples easily mth diazotized am¬ 
ines, gi\'cs a nitro.so derivati\'e, and condenses with aldehydes, these 
reactions fail entirely or proceed only slowly or under special conditions 


N(CH3)s N(CH3)2 



XXII XXIII 


in the case of dimethyl-o-toluidine, XXIII.'** * This amine does not 
react with nitrous acid, with formaldehyde (except under forcing condi- 

*•* V. Auwers and Michaelia, Ber., 47. 1275 (1BI4); v. Auwers and Borsebe, Ber., 48, 
1716 (1916). 

Friedlaonder, Monatgh., It, 627 (1898). 

♦ For further examples, see Gnehm and Blumor, Ann., 304, 87 (1899). 
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tions), or with benzenediazoic acid, although a coupling can be achieved 
with the more active p-nitrobenzenediazoic acid.*®’ The same striking 
hindrance to the reactions has been observed **’* with the o-raethoxy, 
o-chloro, and o-nitro derivatives of dimethylaniline, all of which behave 
exactly like the o-methyl compound. Friedlaender noted an abnor¬ 
mality in the physical properties of all these unreactive compounds. 
While in the meta and para series there is a steady increase in boiling 
point on passing from the toluidine to the mono- and dimethyl deriva¬ 
tives, in the ortho series the dimethyl compound boils at a lower tem¬ 
perature (183°) even than the toluidine (198°). The monomethyl 
compound (207°) occupies a normal position and is normally reactive. 
The fact that ortho groups of different types exert a similar influence 
suggests that the effect is of a steric, rather than a chemical, nature (see 

p. 212). 

Karrer *“ reported experiments indicating that in the series of 
dialkylanilines large N-alk 3 d groups inhibit para nitrosation, and that 
one of the alkyl groups may be eliminated in the course of diazo coupling. 
In subsequent work, however, Hickinbottom and co-workers ’** suc¬ 
ceeded in obtaining p-nitroso derivatives of dihutyl- and diamylanilines 
and in effecting normal couplings of diazotizcd sulfanilic acid with the 
amines studied by Karrer, and with others having still larger alkyl 
groups. It nevertheless appears that para substitutions are repressed 
to some extent by large N-alkji groups as well as by other substituents. 
Goldschmidt found that the velocity constant for the coupling of 
diethylaniUne is only one-sixth that for dimethylaniline. As a possible 
explanation of both types of hindrance, Karrer suggested that coupling 
may involve the formation and rapid rearrangement of the intermediate 
ammonium salt XXIV. 





XXIV 


Some analogy is afforded by the work of von Braun,®”® who observed a 

Bamberger, Ber., 28 , 843 (1896); Bamberger end Meimberg, Ber., 88 , 1891 (1896). 
>»» Karrer, Ber., 48 , 1398 (1916). 

'•* R^Uy and Hickinbottom, J. Chem. Soc., 118 , 99 (1918); Hickinbottom and Lambert, 
^., 1383 (1939). 

*®®v. Braun, Ber., 49 . 1101 (1916); v. Braun. Arfcuazewaki, and KAhler, Ber., 81 , 282 
(1918). 
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parallelism in the ease of alkylation of o-substituted dimethylanilines and 
in the ease of p-substitutions of the compounds. Whatever plausibility 
this mechanistic picture may have as applied to amine coupling, it seems 
hardly admissible as an interpretation of the coupling of a phenol or 
phenol ether, for an oxonium salt can have little reality in an alkaline 
medium. 

Another possibility is that coupling proceeds by some form of addition 
to the unsaturated system of the aromatic nucleus. The formation of 
ketonic products in the Reimer-Tiemann reaction, in the coupling of an 
alkylanthranol, and in the bromination and nitration of 1-substituted 
^-naphthols points in this direction. Of further significance is K. H. 
Meyer’s discovery that in certain cases couphng can be accomplished 
mth compounds having no hydroxyl or amino groups. In the aliphatic 
series, azo compounds were obtained from butadiene, isoprene, pipery- 
lene, and, particularly readily, from 2,3-dimethylbutadiene. 

CH2=C(CH3)C(CH3)=CH2 + H 0 N==NC 6 H 4 N 03 (p) 

CH2=C(CH3)C(CH3)=CH—N=NC6H4NOj(p) + HiO 

With an active diazo component having one or two nitro groups, coupling 
occurs readily in glacial acetic acid solution or in alcohol. Since the 
formation of the azo compound is recognizable from the appearance of a 
characteristic color, the reaction has been found useful as a test method 
for establishing the presence of a conjugated system of linkages in open- 
chain and alicyclic compounds.^ 

Meyer and Tochtermann “• found that the extremely reactive diazo- 
nium salt from picrainide couples rapidly with mesitylene to give in good 
yield the azo compound XXV. L. I. Smith and Paden later observed 

NOs H 3 C 



NOi HsC 

XXV 

that pentamethylbenzene (XXVI) and isodurene (XXVlI) yield trini- 
trobenzeneazo compounds, but that the reaction fails in the case of 

Meyer. Bn., BS. 1468 (1919); Meyer and Tochtermann, B«r.. Si, 2283 (1921). 
Terentiev and co-workers, Compt. rend. acad. set. U.R.SJ5., i, 267 (1935); Sci. Bepig. 
Moscow State Univ., «, 267 (1936); J. Cen. CKem. (U.S.S.R.), 7, 2026 (1937); 8 , 662 (1938); 
Arbusov and Rafikov, tWd., 7, 2196 (1937). 

»os pjegar and Campbell, y. Am. Chem, Soc., 80 , 169 (1938). 

Smith and Paden, ibid., 66. 2169 (1934). 
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durene (XXVIII). In each of the three compounds which couple, a 
position in the ring is activated by the directive influence of two ortho 
groups and one para group, while durene lacks the feature of para direc¬ 
tion. Still more striking is the observation referred to in an earlier section 





(p. 174) that 3,4-ben2p3rrene couples readily with the only moderately 
active diazonium salt from p-nitroaniline. 

These observations are important in showing that oxygen or nitrogen 
atoms are not indispensable to the process of coupling, and hence that an 
intermediate attachment of the diazo component to a hydroxyl or amino 
group can hardly represent an essential phase of the ordinary coupling 
reactions. The fact that certain hydrocarbons are capable of forming 
azo compounds was considered by Meyer to support the addition-elimi¬ 
nation mechanism, and in his view hydroxyl or amino groups when 
present merely activate the ring for addition. The addition mechanism 
becomes still more attractive if it is extended to include some participa¬ 
tion of the key atom of the amines and phenols, as suggested by the 
blocking effect of groups in the ortho po.sition or attached to nitrogen. 
Such a participation is not unreasonable, becau.se the nitrogen or oxygen 
atom concerned is unsaturated, having respectively one and two pairs of 
unshared electrons, and consequently it is in a sense conjugated with the 
unsaturated system of the nucleus, von Auwers called attention to 
this feature of the structures and suggested that the systems C=C—0::::: 
and C=C—0=C—O"":, in which the dotted lines represent latent 
valences, are comparable with C=C—C=C and C=C—C=C—C=C. 
Indeed, similar exaltations of the specific refraction and dispersion have 
been found for the two types of systems.®* The great reactivity of the 
phenols, enols, and amines may be due to this type of conjugation, and 
the entire conjugated system extending to the unsaturated oxygen or 
nitrogen atom may well be involved in some way in the coupling reaction. 
It is improbable, however, that the reaction proceeds by an addition in 
the ordinary sense to give an intermediate of a true dihydrobenzonoid 
type, as in the formal representation postulated by Meyer. A substan¬ 
tial aa^ment against such an addition is the observation that 3,4-benz- 
|> 3 rrene enters readily into the coupling reaction but appears inaccessible 

»* V. Auw 9 W, Ber., M, 3614 (1911). 
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to additions. Although the formation of azo compounds from amines 
and phenols presents certain interesting peculiarities, the reaction does 
not appear to differ in kind from other aromatic substitutions. 

The nitrosation, bromination, aldehyde condensation, and C-alkylar 
tion of amines and phenols probably fall into the same category as the 
coupling reaction. Some further substitutions are known to be the 
result of intramolecular rearrangement, and there may be still other 
routes leading to the introduction of substituents. An addition of the 
aromatic nucleus to an unsaturated linkage of the reagent conceivably 
may occur in certain cases, for example in the Kolbe synthesis of hydroxy 
acids. The observation ^ that the salicylic acid synthesis can be 



accomplished by heating sodium phenyl carbonate (XXIX) suggests 
that the reaction between sodium phenolate and carbon dioxide may 
involve the formation and rearrangement of this salt (5). It has been 
reported,®” however, that sodium phenyl carbonate dissociates into its 
components at a temperature below that at which the reaction takes 
place, and, furthermore, known rearrangements of the type pictured do 
not occur under comparable conditions but require acid catalysis. An 
alternative proposal ®” is that the phenolate nucleus adds to a double 
bond of carbon dioxide, with readjustment of the charge to the more 
acidic group (6). Such a mechanism might account for the unusual 
orientations sometimes observed in the Kolbe reaction. /3-Naphthol, 
heated in the form of the sodium salt with carbon dioxide under pressure, 
yields the unstable 1-carboxylic acid at 120-145°, but gives the more 
stable 3-carboxylic acid in the temperature range 200-250°. Substitu¬ 
tion at the 3-position seems odd in view of the fact that this position is 
not available for ordinary reactions requiring an enolic group, even when 
the 1-position is blocked. A possible explanation is that the 3-acid, 



Schmitt, prakt. Chem., (21 SI. 397<{1886) 
»•' Tijmetm B»., Bar., 38, 1376 (1906). 
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which alone is capable of accumulating under the conditions of the 
experiment, is produced from a small amount of a tautomeric A*’ * form 
of d-naphthol present in equilibrium with the normal A'- * form.®* T his 
implies, however, that the substitution occurs by a rearrangement, and 
the failure of 1-substituted /3-naphthyl allyl ethers to rearrange at the 
boiling point renders the explanation unlikely. The addition mechanism 
(6) provides a somewhat more plausible account of the reaction, for the 
Ca-hydrogen atom adjacent to the 2-hydroxyl group probably acquires 
some activation, even though this must be transmitted through a con¬ 
jugated system of three double bonds, rather than through a double 
bond at the 2,3-position. 

The same mode of addition has been discussed as a pos.sible 
mechanism of the coupling reaction, and a more inviting application 
would be to the condensation of phenols and amines with carbonyl com¬ 
pounds such as Michler’s ketone or formaldehyde. It might be sup¬ 
posed that the aromatic component adds, through its mobile ortho or 
para hydrogen atom, to the carbonyl group; 

H0C6H4 H-|-0=C< H0C6H4C(0H)< 

Here the addition product would represent the final stage in the reaction, 
whereas a similar addition to benzenediazoic acid would requiie the 
subsequent loss of water. However attractive the hypothesis may 
appear because of its simplicity, it does not explain the observation that 
the p-condensation with aldehydes, as well as the p-coupling, is subject 
to hindrance by an ortho substituent. The reactions with aldehydes 
and ketones, which proceed best under catalysis by acids or non- 
metallic halides, probably follow rather the course of other sub¬ 
stitutions. 

The Directive Influence of Substituent Groups. The problem of 
accounting for the influence of groups present in the benzene ring on the 
coiune of further substitutions has called forth such an enormous amount 
of experimentation and speculation that a brief review of the subject 
must be limited to a presentation of the main facts of the case and to a 
consideration of the more promising interpretations which have been 
suggested. The principal substituent groups concerned in controlling 
arcHnatic substitutions are listed in Table II, and the percentages of meta 
substitution, determined chiefly in carefully studied nitrations, provide 
an index of the main reaction type. Characteristically meta directing 
and ortho-para directing groups are listed in the first two columns, and 
the third column includes an assortment of substituents derived from the 

*** E. Sergmaiin and Berlin, J, Org. Chem., S, 246 (1938). 
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methyl group. References to the literature may be found in the compilar 
tions of Hollemani^* of Ingold,and of Reese.^*^ 

TABLE II 


Dihectino Effects of SuBSTiTtrBNT Groups • 


Meta Type 

Ortho-Para Type 

Miscellaneous 

Group 

% 

Meta 

Group 

% 

Meta 

Group 

% 

Meta 

—NOs 

93 

—NII 2 

— 

-CHiCl 

4 

—ON 

80 

-NHCOCH 3 

2 

—CHCla 

34 

—SOjH 

72 

—N(C0CH3)2 

1 

—CCI 3 

64 

—CHO 

79 

—OH 

3 

—C(C 02 Et)j 

67 

—COCHs 

55 

—OCH 3 

— 

—CHsF 

17 

—COjH 

82 

—CHa 

4 

—CHjBr 

7 

—CO 2 CH 3 

73 

—Cl, Br, I 

— 

—CH 2 NO 2 

60 

—COjCsHirCn) 

60 ' 

—C„H5 i 

— 

—CH 2 CH 2 NO 2 

13 

—co(i:i 

90 

—CH2(X)2H 1 

— ! 

—CH 2 NHS+ 

49 

—C 0 NH 2 

69 

—CHjCN 1 

— 

—CH2N(CH3)s+ 

88 

—NH8+ 

47 

—CH=CHC02H(R) 

— 

-(CH2)2N(CH3)3+ 

19 

—N(CH3),+ 

100 

—Cfe=CCOaH(R) 

8 

-(CH2)3N(CH3)»+ 

5 

—A8(CH3)3+ 

98 

—CH=CHN02 

— 

—CH2P(CHs)3+ 

10 

—Sb(CH3)3+ 

86 

_N=NC6H6 


—CH 2 As(CHa) 8 + 

3 


•• Chiefly in nitration* — indicate* that no meta aubetilution i« known to occur. Where an ionic 
group » indicated, the eubetance nitrated wae the sulfate, nitrate, or pierate. 


Groups of the predominantly mela directing type for the most part 
contain either a strongly unsaturated group or a positively charged atom 
adjacent to the ring, while the oriho-para directing groups are saturated, 
or only weakly unsaturated. The introduction of an ethylenic linkage 
is not sufficient to alter the orienting character of an alkyl group, and 
the unsaturation of a phenyl group is not strong enough to promote meta 
direction. The ortho-para directing methyl group is gradually trans¬ 
formed into a group of the opposite type by the progressive introduction 
of halogen atoms; the introduction of a single carboxyl group produces 
no great change, but with three carboxyls the resulting group becomes 
predominantly meta directing. Since the nitro group is more powerful 
in its influence, the group —CH 2 NO 2 directs largely to the meto position. 
Although a number of groups give rise to almost exclusive ortho-para 

HoUeman, "Die direkto EinfOhrung von Substituenten in den Benaolkem,” Veit 
& Comp., Leipaig (1910); Chem. Ret., 1. 189 (1924). 

HO Ingold, Ann. RepU. Chem. Soc, {London), 28, 129-143 (1926); see also later volumea 
Reese, Chem. Ret., 14, 65 (1934). 
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substitution, marked differences in the relative effectiveness is noted on 
pitting one group against another in the same molecule, most conven¬ 
iently in the para position. In a competition between the powerful amino 
group and the weakly orienting methyl radical, for example, the former 
group controls the substitution. Similar experiments have established 
the following order of decreasing orienting power: NH2 > OH > OCHa 
> NHAc > OAc. Relative directive potencies of alkoxyl groups, deter¬ 
mined in nitrations of hydroquinone derivatives, are reported as fol¬ 
lows: CHaOCl), C2HsO(1.64), n-CsHrOfl.SO), wo-C3H70(2.29), n- 
C 4 H 90 ( 1 . 86 ), fcr<.-C 4 HgO( 3 . 28 ), n-Ci 6 H 330 ( 2 . 12 ). Among the rather 
weakly directing halogen atoms, the order is I > Br > Cl > F. 

It is of considerable significance that ortho-para directing groups, 
with one exception, facilitate substitution in the ring, while groups of 
the mcto type have a retarding influence. Groups of the two types may 
be said to activate the nucleus for substitution, and to deactivate it, 
respectively. Toluene, for example, is nitrated fourteen times as fast as 
benzene;*** the monoalkylation of benzene in the Friedcl and Crafts 
reaction cannot be accomplished without considerable poJysubstitution. 
The progressive introduction of nitro groups, on the other hand, is accom¬ 
plished with such increasing difficulty that the reaction is easily stopped 
at any desired stage. The course of the reactions of monosubstituted 
derivatives of bicyclic compounds such as biphenyl or naphthalene 
provides a further illustration of the point, for substitution is homo- 
nuclear if the group already present is of the oriho-para type, and hetero- 
nuclear if it is meta directing. The one exception to the rule cited is 
that halogen atoms direct to the ortho and para positions and yet defi¬ 
nitely deactivate the ring and retard substitution.*** Since the course 
of a given substitution is dependent upon the relative velocities of the 
competing reactions, it is often subject to steric effects. The ratio of 
ortho and para isomerides is particularly susceptible to the influence of 
the steric factor, as can be seen, for example, from the fact that, while 
the ratio of ortho to para substitution in the nitration of toluene is 58 : 38, 
fert.-butylbenzene is converted almost exclusively into the p-isomer. 

Many attempts have been made to formulate a simple rule defining 
the orientation of the various groups in the hope that this might suggest 
a clue to the nature of their action. Discussions of the earlier proposals 
may be found in the reviews by HoUeman *** and by Stewart.*** More 
recently, rules of substitution have been advanced based upon the fol- 

»«Fucli«, Monalth., 88, 331 (1917). 

*>• Goldswortiiy, /. Cfcem. 3oc., 1148 (1930). 

*** Wibaut, Bee. tras. ckim., 34, 241 (1916). 

Stewart, “Recent Advanom in Orgianic Chetniatry,” 6Ui ed., Longmans, Qreen and 
C3^, Ixmdon (1«27), Vol. I, pp. 322-328. 
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lowing data; the periodic table,polarities estimated from electronic 
configurations,®" electric moments,dissociation constants,®" qualita¬ 
tive analogy with inorganic metathetical reactions.®®® A correlation with 
the effect of nuclear substituents on the rates and equilibria of reactions 
involving a group in the side chain is indicated in the interesting calcula¬ 
tions of Hammett,®®' and it has been shown ®®® that groups which lower 
the potential of a parent quinone facilitate substitution in the benzene 
ring, whereas those which produce an increase in the potential retard 
benzene substitution (halogen atoms and meta directing groups). 

The Electronic Theory o£ Aromatic Substitution (by P. D. Bartlett). 
Throughout the present century attempts have been made to base an in¬ 
terpretation of aromatic substitution upon the undoubted electrical char¬ 
acter of chemical bonds. Early attempts in this direction by Fry ®®* 
and by Stieglitz ®®^ assumed a completely polar character for all the car¬ 
bon-carbon bonds in the benzene ring. A key atom, such as the nitrogen 
of nitrobenzene, was supposed to induce alternating polarities in the 
atoms of the rings, and these polarities would determine the orientation 
with which an attacking reagent could add to one of the double bonds 
of the ring. The substitution process was regarded as an addition fol¬ 
lowed immediately by an elimination. The polarity of the key atom 
could be predicted from its general chemical character. For example, the 
nitrogen of the nitro group was presumed to be positive with respect to 
the two oxygens; this made C-1 of the ring negative, 02 positive, 03 
negative, and so on. 

This theory had the merit of self-consistency: the key atoms of the 
nitro, nitroso, carbonyl, sulfonate, nitrile, and even quaternary ammo¬ 
nium, groups were all seen to be positive and to lead to meta direction. 
The key atoms of the hydroxyl, alkoxyl, and amino groups and the 
halogen atoms were negative by the same process of reasoning. The the¬ 
ory failed, however, in several important respects. It predicted unequiv¬ 
ocally that groups like —CH 2 NO 2 and —CH 2 N(CH 3 ) 3 ‘'‘ should be 
strongly ortho-para directing. The failure of this prediction shows that 
alternating polarities are non-existent in the side chain and so are not 
inherent in chemical bonds generally. The theory therefore postulated 
properties for the bonds in the benzene ring which were apparently with- 

*“ Hammick and Illingworth, J. Chem. Soc., 2358 (1930). 

Latimer and Porter, J. Am. Chem. Soc., #9, 20C (1930). 

Svirbely and Warner, ibid., 67, 655 (1935). 

McGowan, ChemvOry A Industry, 607 (1936). 

Zweoker, Ber., « 9 , 993 (1936). 

Hammett, J. Am. Chem. Soc., 69 , 96 (1937). 

“* Fieser and Fleaer. ibid., 87, 491 (1935). 

“* Fry, Z. phyaik. Chem., 76, 386 (19H). 

Stieglitz, J. Am. Chem. Soe., 44, 1269 (1922). 
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out parallel among aliphatic compounds. Also unexplained was the 
unique position of the halogens, which deactivate the ring while the other 
ortho-para directing substituents activate it. 

The dualistic approach of Flurscheim and of Vorlander was more 
flexible. They superposed the idea of a general, non-alternating elec¬ 
trical polarity upon the older idea of an independent, alternating 
“valence demand,” or “aflinity capacity,” whose relationship to electro¬ 
static phenomena could not be traced.* The attempt to account for the 
apparent simultaneous production of alternating polarities around the 
benzene ring and a non-altemating effect has been the task of modern 
electronic theories. 

During the last twenty years this problem has been attacked through 
a theoretical approach contributed to largely by Lapworth, Robinson, 
and Ingold, t These theories were approached purely from the direction 
of organic evidence. They advanced gropingly and with a rapidly ex¬ 
panding special nomenclature. They have been more successful than 
their predecessors in that their basic ideas have been independently 
derived by quantum mechaniCvS and confirmed by modern physical 
methods of investigating molecular structure. 

The most directly useful of these physical methods is the determina¬ 
tion of dipole moments, and it is this method which has established the 
fundamental nature of the alternating and non-altemating electrostatic 
effects of groups. This study has confirmed the belief that in a bond 
between unlike atoms the electrons are on an average nearer one atom 
than another. The measurement of these displacements has taken the 
guesswork out of the assignment of electrical inductive effects to groups. J 
It is possible, in saturated compounds, to designate quantitatively the 
fractional part of an electronic charge which resides on each atom. It 
is found that all the common functional groups in neutral saturated 
compounds tend to attract electrons at the expense of carbon. Such a 
group at the end of a saturated chain will cause a general deficiency of 
electrons throughout the chain, rapidly damped but with no alternation 
in charge. These “inductive” effects are r«i.sponsible for many chemical 
phenomena, such as the influence of substituents upon the dissociation 
constants of acids, but inductive effects do not divide the substituent 

* For a review of these older theories, see Henrich, "Theories of Organic Chemistry," 
translataon of 4th edition by Johnson and Hahn, John Wiley & Hons, New York (1B22), 
pp. 175-236. 

t For reviews see Robinson, "Outline of an Electrochemical (Electronic) Theory of the 
Course of Organic Reactions,” Institute of Chemistry of Great Britain and Ireland (1032); 
Ingold, Chan. Bev., 16, 225 (1934). 

I For a review of the early contributions of dipole moment study to organic chemistry, 
aee Sidgwiek, "The Covalent Link in Chemistry,” Comdl University Press (1933), 
C9U»>terfi. 
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groups into the right classes to provide a complete explanation of aro* 
matic substitution. They are often overshadowed by effects of reso¬ 
nance, which were discovered as foUows. 

Every attempt to isolate isomers which differ only in the arrange¬ 
ment of bonds or electrons, while having identical ptositions of all the 
atoms, has resulted in failure. An important example is provided by the 
two o-xylene structures of Kekul6 (pp. 121, 135). This failure has often 
been attributed to excessive stability of the one or the other form, or (as 
in the case of the o-xylenes) to very rapid interconversion between them. 
According to all recent physical studies of molecular structure (Chapter 
26), such isomers cannot exist separately except in the rare event of 
their having different numbers of unpaired electrons. Instead, if a 
molecule can be representesl in two or more electronic or bond structures, 
without moving any atoms, then the molecule will show characteristics 
of all such structures, and no one of them can exist independently of the 
others. This is the principle of resonance. If a molecule may have two 
exactly equivalent bond structures, then the molecule resembles one of 
these structures as much as the other, but is more stable than either alone 
would be by a large “resonance energy.” The typical example of this is 
benzene, whose two Kekul4 bond structures have identical energies. If 
benzene is a resonance hybrid, and not a mixture of tautomers, two 
physical methods should give evidence of this. In the first place, since 
.single and double bonds between carbon atoms have the characteristic 
lengths 1.54 and 1.34 A, re.si>ectivcly, x-ray ** and electron diffraction 
studies of benzene should show such distances for Kekuld molecules. 
It is certain that there are no C—C distances in benzene as great or as 
small as these limits. The electron diffraction pattern of benzene is 
indistinguishable from that of a regular hexagon 1.39 ± 0.02 A on a side, 
although the method is not sensitive enough to detect deviations from 
regularity of the order of a few hundredths of an Angstrom unit. The 
vibrations of benzene as revealed in its infra-red, Raman, and fluores¬ 
cence spectra are considered to be compatible only with complete hex¬ 
agonal symmetry.®’* 

The chemical reactions of a resonance hybrid, unlike its physical 
properties, do not register the permanent state of the molecule, but only 
those states which are developed on the approach of a reagent. For 
example, if ozone enters into reaction with one of the bonds of o-xylene, 
resonance between Kekul6 forms becomes impossible from that moment, 
and in the process of reaction two other double bonds are frozen in the 
corresponding cyclohexatriene positions. Since ozone may be expected 

••• Schotnaker and Pauling, J. Am. Chem. Soc., 61, 1770 (1939). 

*** Ingold. Proc. Roy. Soc., A169, 149 (1938). 
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to attack that bond of o-xylene which already most resembles a double 
bond, the formation of both diacetyl and methylglyoxal may be taken to 
indicate that both Kekul6 forms contribute importantly to the structure, 
although these forms have separate existence only during the course of 
being destroyed. It is found most useful to describe the couree of aro¬ 
matic reactions largely in terms of individual Kekul4 bond structures, 
but such a structure is best regarded as something developed during the 
attack of the reagent. 

Often two or more bond structures can be written, both of them sat¬ 
isfying the criterion of electronic octets, but differing largely in their 
chemical probability. An example of this is found in chlorobenzene 

:ci; ;q :ci :ci 

.C.. .ii... ..8. 

H:C C:H H:C ‘ C:H H:C ' ‘ CH H:C ' C:H 


ffC. C:H H:C. .C:H KC. C:H H:C . -0:11 

•c'-* •c;-' -'c'' C: 

H H ii ii 

I II III IV 

(and other KelcuU 
etracture) 

Here the principle of resonance still demands that the first structure shall 
not be independent of the second, third, and fourth, but it doe.s not tell 
how important the contribution of the secondary structures will be. The 
higher their potential energy in comparison to the normal structure (the 
less their probability), the smaller their contribution to the true structure 
of the molecule will tx? and the less the resonance energy. Both these 
quantities may approach zero if the .secondary .structures are sufficiently 
improbable, without permitting a sharp dividing line betw'een resonating 
and non-resonating systems. There are also many cases, such as that of 
naphthalene (p. 148) or urea, in which most of the chemical reactions are 
those normal for a single-bond structure, but where methods of studying 
the resting state of the molecule indicate substantial (though subordi¬ 
nate) contributions from secondary forms. 

For purposes of discussion it is preferable to translate the electronic 
structures I-IV into bond structures 

Cl C1+ C1+ C1+ 


/\e e/\ 

HC CH HC CH HC CH HC CH 

11 I II 1 I II II II 

HO CH HC CH HC CH HC CH 

\q^ Sc/' 

H H H H© 
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The question whether these secondary forms contribute appreciably to 
the structure of clilorobenzene must be answered by experiment. Among 
the physical evidence pointing to a detectible amount of resonance is 
the fact that aromatic halogen compounds (in common with vinyl 
halides) have markedly diminished electric moments compared to satu¬ 
rated halogen compounds; they also show a shortening of the C—Cl 
bond suggestive of double-bond character. On the organic side, such 
resonance provide.? interpretation of the diminished reactivity of halogen 
attached to the aromatic ring and of the directive influence of halogens 
in addition reactions to vinyl halides and in aromatic substitution. 

Phenols, phenol ethers, and amines are the other common aromatic 
compounds which are capable of this tjrpe of resonance by virtue of hav¬ 
ing unshared electrons on the first atom of the substituent. The evidence 
of sharply altered dipole moments in comparison to aliphatic analogs is 
here even more striking than in chlorobenzene. In addition an interpre¬ 
tation is afforded of the acidity of phenols (and enols), the weakness of 
aromatic amines as bases (compare p. 212), and the directive power and 
extreme activating influence of the hydroxyl and amino groups. 

A phenol and its anion are both capable of resonance with structures 
having negative charges in the ortho and para positions 


OH OH+ OH+ OH+ 



0-000 



In the phenol these secondary structures involve a separation of electric 
charge, which might be expected to oppose their occurrence, as in 
chlorobenzene. In the anion, however, this separation of charge is 
absent, and the secondary forms must therefore contribute more and 
make the resonance energy higher in comparison to the neutral phenol. 
This is a factor favoring the ionization equilibrium which is lacking in 
the acidic ionization of an alcohol.* 

Sutton, «W., A133, 068 (1931); Tratu. Faraday Soc., SO. 789 (1934). 

*** Brockway and Palmer, Am. Chem, Soc., 69 , 2181 (1937). 

* The reoemblance of these bond structures to those of ketOHsnol tautomers led to the 
original designation "tautomeric eSect” by Robinson, who postulated such intramolecular 
tendenciw long before the principle of roeonanoe was enunciated. This term was not 
intended to imply a true tautomerism. 
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A abnilar analysis applied to the ionization of the dimethylanilinium 
ion shows that resonance makes it a stronger acid, and dimethylaniline 
itself therefore a weaker base, than in the case of a similar saturated 
amine. 

With regard to the ease and orientation of aromatic substitution the 
Robinson-Ingold theory adopts the postulate, common to earlier theo¬ 
ries, that the reagents which bring about substitution function as elec¬ 
tron acceptors, and hence react preferentially at the points of high 
electron density in the nucleus. With a few reagents, such as mercuric 
acetate and the benzenediazonium ion (see p. 192), this electron-seeking 
character is obvious. It is not obvious in the case of molecular halogens 
that a halogen atom will enter the ring bearing a positive charge, and 
yet there is experimental evidence that the addition of halogen to an 
aliphatic double bond takes this course.^* It is assumed that the other 
common reagents yield substitution by paths similar to these. The 
bromination of dimethylaniline is represented 




Pfeiffer and Wizinger have developed aliphatic analogies to this 
process. The choice of the para (or ortho) position is conditioned by two 
facts: (1) that it is already a center of excess negative charge, due to 
the resonance in the amine molecule; and (2) that an easy reaction 
path is available because the quinol-like transition state V (also capable 
of resonance with three other bond structures) is able to accommodate 
the positive charge long enough for a carbon-bromine bond to be formed 
and the carbon-hydrogen bond to be broken. The possibility of a cer¬ 
tain amount of stabilizing resonance in the transition state as depicted 


*•* Bartlett and TarbeU, ibid., M, 460 (1930); TarbeU and Bartlett, Oid.. 59, 407 (1937) 
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also helps to explain why aromatic substitution proceeds by this path 
rather than by way of completed addition to one of the double bonds 
of the ring. The latter mechanism would eliminate so much stabilizing 
resonance as to constitute a very difficult path of reaction. 

In the halobenzenes a transition state of a form like V offers a better 
reaction path than one involving attack of the bromine in one of the 
meta positions. Nevertheless, in the resting state of the molecule the 
normal form of chlorobenzene is so much more important than the 
secondary forms that the chlorine is still the strongly negative end of a 
dipole and all positions of the ring are deficient in electrons compared 
to benzene. This is the explanation given of the simultaneous deactiva¬ 
tion and ortho-para directive influence of the halogen atoms. 

Any group whose net effect is to make electrons permanently less 
available at the ortho and para positions must be not only deactivating, 
but also meta directing. This is true of the trimethylaniUnium ion, the 
nitro, sulfonyl, nitrile, and carbonyl groups. Any drift of electrons 
toward Ci brought about by an inductive effect will be at the expense of 
carbon atoms 2, 4, and 6, leaving atoms 3 and 5 relatively less affected. 
The situation is especially clear when resonance is possible, as in the nitro 
group 



© 


If these secondary structures are of any importance in the molecule 
then only the meta positions will have enough electron density to make a 
reaction with the usual reagents possible. The ortho and para positions 
should prove inviting points of attack for electron-donor reagents, and 
reaction is indeed observed at these positions in the formation of o-nitro- 
phenol from potassium hydroxide and air,'*’ the reaction of trinitroben¬ 
zene with hydroxylamine to give picramide,'” and similar reactions. 

In certain substitution processes apparently proceeding through free 
radicals *** the usual orientation rules are not applicable. The electronic 
theory of substitution has given little attention to this case. 

A stereochemical consequence of resonance, first pointed out by 

“• Wohl, Ber., 39. 3487 (1899). 

Meisenheimer and Patxig, Bor., 39, 2534 (1906). 

Hey and Wstera, Chem. Rev,^ 91, 178 (1937). 
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Birtles and Hampson,*®* has helped to explain a puzzling case of steric 
hindrance co mm ented upon earlier in this chapter. Since resonance is 
possible only between structures having the atoms in the same positions, 
it follows that the spatial arrangement of the atoms in nitrobenzene must 
be compatible with all the resonating bond structures. This means that 
all the atoms attached to double-bonded atoms must lie in the same 
plane, or the resonance will be damped. Similar considerations apply to 
dimethylaniline. 

CH^ /CH* CH*\ + /CH, CHs\ + /CH* CHik /CHj 



e 


[VI VII VIII IX 

Although the form VI might have free rotation about the C—N bond, the 
forms VII, VIII, and IX must be coplanar, and therefore the molecule 
will remain coplanar at all times if these make any important contribu¬ 
tion to its structure. If now a nitro or a methyl group is present in the 
ortho position, this coplanar arrangement becomes untenable on account 
of the steric interference of the groups. Anything which forces the 
dimethylamino group out of the plane of the ring damps the resonance 
and the effects resulting from the resonance may be expected to dis¬ 
appear. These include: (1) the special electric moment associated with 
aromatic amines, (2) the activation of the ortho and para positions toward 
substitution, and (3) the activation of the ortho and para hydrogen in 
condensation and exchange reactions. Hampson and his co-workers 
have found striking dipole-moment effects of this sort. The anomalous 
boiling points of the hindered methylanilines '** may well be related to 
such reduced polarities. The remarkable inhibition of the diazo coupling 
reaction when a methyl group is ortho to a dimethylamino (but not to a 
monomethylamino) group is discussed on p. 197. An inhibited deuterium 
exchange in deutero-alcohol has been found for similar cases by Brown, 
Kharasch, and co-workers.®** It is noteworthy in all these results that 
the damping of resonance is not absolute, even when conditions are im¬ 
posed upon the molecule which are sterically very unfavorable to some of 
the bond structures. 

*** Birtlea aod Hampson, J. CKem. Soc., 10 (1037); Ingham and Hampson, Und., 081 
(1030). 

SM Brown, Kharasch, and Sprowls, J. Org. Chem., 4, 442 (1030); tee also Brown, 
IlIRhfer, and I«tang, J. Am. Chem. 3oe., H, 2607 (1930). 
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In the light of damped resonance it is not to be expected that cyclo- 
octatetraene (p. 129) will show the stability of an aromatic compound. 
In order to exist without strain the molecule must take a puckered form 
in which carbon atoms 1,4,5, and 8 lie in an upper plane and carbon atoms 
2, 3, 6, and 7 occupy a lower plane. This preserves all bond angles at 
their normal value and brings atoms 1, 2, 3, and 4 all into one plane, 



atoms 3, 4, 5, and 6 all into another plane, etc. Any such spatial arrange¬ 
ment is incompatible with the alternative placing of the double bonds, for 
atoms 2, 3, 4, and 5 are not in a single plane, nor is any other sequence of 
fovir atoms in a position favorable to the second Kekul6 structure. 
Resonance mu.st then be damped severely unles.s the molecule adopts a 
coplanar arrangement, and this would involve angular strain. 
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PART I. INTRODUCTION 

The term “isomers” is generally applied to those compounds which 
have the same molecular formula, but which differ in at least one of their 
physical or chemical properties. In terms of the structure of the mole¬ 
cule, this^means that isomers differ in the arrangement of the atoms in 
the molecule. In fact, it has been the existence of many types of isomer¬ 
ism, especially of carbon compounds, which has been the chief reason 
for the extensive developments in attempts to represent the spatial 
arrangements of the atoms. The fundamental purpose of such structural 
models of molecules is to express as completely as possible the chemical 
and relative physical properties of the compound. For completeness, 
and to show all the types of isomerism exhibited by organic compounds, 
the following classification summarizes the present status of this division 
of theoretical organic chemistry. 

(1) Simple Structural Isomerism. The difference between the 
isomers in this group can be adequately expressed by simple 
structural formulas. 

(a) Nucleus or Chain Isomers: compounds whose isomerism 
is due to the arrangement of the carbon atoms. 


Examples: 




CH, 

I 

CH,CHCH, 

fbobutuw 


»-BatAoe 
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(6) Position Isomers: compounds which differ in the position 
occupied by a group with reference to the carbon nucleus. 


Examples: 

Cl 

1 

CHjCHCH, 

2-Chlarapropuie 


CH,CHjCH*Cl 

1 •Chloropropane 


NO 2 



o-Bromonitro- 

bensene 


NOi 



fn^Bromonitro* 

beiLxene 


NOi 



Br 


p-Broinonitro- 

bensene 


(c) Functional Group Isomerism: compounds possessing the 
same molecular fonnulas but having different functional 
groups; i.e., belonging to different homologous series. 


Examples; 

CH,CHsOH 

Ethyl alcohol 

CHjCOCH, 

Acetone 


CH,OCH» 

Methyl eth^ 

CHjCHsCHO 

Propionaldebyde 


Tautomers constitute a special case of functional group 
isomerism. They are isomers which eire directly and 
readily interconvertible. 

Example: 

0 OH 

II ! 

CHjCCHiCOjCsHs CHjC^CHCOsCjHj 

ibetc-Form enoi-Fonn 

Aoetoaoetio ester 


(2) Stereoisomerism or Space Isomerism. Isomers possessing the 
same molecular formulas and the same functional groups but 
which differ in the three-dimensional space arrangement of the 
atonss or groups within the molecule are said to be stereoisomers. 

The discussion in the following sections will be limited to a con¬ 
sideration of the fundamental concepts of the two common types of 
stereoisomerism which are: 

(а) Optical isomerism. 

(б) cis-trans Isomerism (geometrical isomerism). 
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PART n. OPTICAL ISOMERISM. GENERAL THEORY 
Ralph L. Shkiner and Rooer Arams 
Optical Activity 

Experimentally it has been observed that only certain substances, 
both organic and inorganic, possess the power of rotating the plane of 
polarized light (p. 282). Examination of the nature of these optically 
active compounds has shown that only those structures (crystalline or 
molecular) which possess mirror images not superimposable upon the 
original are able to affect plane-polarized light. Such compounds are 
generally termed asymmetric because their structure is without com¬ 
plete symmetry from a geometrical standpoint. This requirement for 
optical activity will become clearer as the discussion progresses. 
Optically active substances may be divided into two classes depending 
upon whether activity is due to crystal structure or to molecular 
structure. 

Optical Activity Due to Crystal Structure. A familiar example of this 
type is quartz, -which is found to exist as dextro and Icvo rotatory crystals, 
commonly known as d- and (-forms. X-ray examination of the.se quartz 
crystals has shown that the crystal lattice is built up of silicon and 
ojQTgen atoms so arranged that a spiral staircase effect is obtained. The 
i mirror image of this crystal lattice is not identical with it, and hence the 
crystal is asymmetric and rotates plane-polarized light. 

Optically active crystals, such as quartz or sodium chlorate, are often 
hemihedral, and the crystals themselves are mirror images of each other. 
This relationship is not always true, since many optically active crystals 
show no trace of hemihedral faces. Optical activity has been observed 
in isotropic, uniaxial, and biaxial crystals. Table I lists some of the 
compounds which are optically active in the crystalline state only. 


Ibotbopic Cktbtalb 
Sodium chlorate 
Sodium bromate 
Sodium uranyl acetate 
Sodium Bulfanthnonate 


TABLE I 

Uniaxial Cbtbtalb 
Quartz 
Cinnabar 

Potasaium dithionate 
Beazil 


Biaxial Chtstals 
Hydrazine sulfate 
Barium formate 
Iodic acid 
Zinc sulfate 


Crystals of many other compounds also exhibit optical activity, but 
1^ sstbstaoces in this group lose their activity when fused or dissolved in 
ylWjolvBnt. 
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Optical Activity Due to Molecular Structure. Optically active com¬ 
pounds in this group rotate the plane of polarized li^t, regardless of the 
physical stare. Optical activity is exhibited by solutions of the com¬ 
pound, as well as by the pure compound in the crystalline, liquid, or 
gaseous state. In a few compounds the crystals may possess hemihedral 
faces and be mirror images of each other, but this relationship between 
crystals is not universally true. The optical activity must hence be 
ascribed to, and be dependent upon, the structure of the molecule. 


Principles of Molecular Asymmetry 

Molecules with spatial arrangements of their atoms which are asym¬ 
metric may exist in optically active forms. As mentioned above, the 
configuration of .such a molecule is characterized by the fact that it is not 
identical with its mirror image. The molecule and its mirror image are 
frequently called enantiomorphs and are identical with each other in 
their chemical and physical properties except in the rotation of plane- 
polarized light. The optical activity is the same in degree but opposite 
in sign. It is relatively simple to determine from the structural model 
of a molecule whether a non-identical mirror image is possible. 

ITie above statements are very general and cover all cases in which 
optical acti\'ity is due to the structure of the molecule. For purposes 
of discussion it is convenient to divide such asymmetric molecules into 
two groups. 

1. Compounds in which an individual atom is asymmetric. 

2. Molecules containing no individual asymmetric atoms. 

Their as 3 Tnmetry is due to the absence of any of the necessary elements 
of sjunmetry which permit the mirror image of the molecule to be super- 
imposable. 

Many examples of both types are known. The largest number is 
found in the first group in which the asymmetric atom is carbon, but 
other atoms may also give rise to optical isomers. The three-dimensional 
space model is evidently dependent upon the directional distribution 
ci the valence forces of these atoms. 

Spatial Arrangements of Valencies Atoms 

The study of the physical and chemical propertiee of the stereoiso¬ 
mers of compounds of twenty-three elements has led to the oonehiaion 
the distribution of valencies is tetrahedral, octahedral, or {iianar. 
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Group I. Tetrahedral Configuration. 



Be, B, C, N, Si, 

Te, Ge, Pt, Pd. 


P, S, Cu, 


Zn, As, Se, Sn, 


Group n. Octahedral Configuration. 



Al, Cr, Fe, Co, Zn, As, Rh, Ru, Ir, Pt. 
(Cu, Ni?) 


Group m. Planar Configuration. 



Ni, Pt, 


Pd. 


Of all the elements investigated, carbon has been the most exhaustively 
studied. In 1874 Le Bel and van’t Hoff independently and simul¬ 
taneously proposed that the four valencies of carbon in its compounds 
were distributed in three dimensions, van’t Hoff regarded the valence 
bonds as equidistant from each other and so arranged that a regular 
tetrahedron resulted by joining the ends of the valence bonds by 
straight lines. Le Bel on the other hand did not consider that the 
carbon atom had such a rigid structure. The experimental evidence of 
the past sixty-eight years has fully confirmed their hypothesis although 
the idea of a perfectly tetrahedral model with the four valencies abso¬ 
lutely fixed in s rigid position, at angles of 109° 28' apart, has undergone 
modification. 

Evidence for the Tetrahedral Carbon Atom 

1. The four valencies of carbon are identical. 

2. A consideration of all types of isomerism of carbon compounds 
(»» the basis of a planm*, pyramidal, and tetrahedral configuration of 

: Ibe carbon atom has shown that only the tetrahedral is consistent with 
fiaets. Thus, a planar or pyramidal configuration calls fo|||wo 
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geometrical isomers of compounds of the type 00262 ) a pyramidal con¬ 
figuration calls for optical isomers of CaJ)c; no such isomers are known. 
In the case of Cabcd only two optical isomers are known. 


3. Ethylenic compounds with the structure exhibit geo- 


metrical isomerism but not optical isomerism (p. 446). AUenes with 
the structure ^C==C=C<(^ give rise to optical isomers and not geo¬ 


metrical isomers. 


4. Spiranes of the type l<fSc<|^| are resolvable into dr and Ir 

bX Xb 

forms. If the carbon atom w'ere planar or pyramidal no resolution 
would be possible. 

5. No cases of stereoisomerism due to the acetylenic linkage are 
known. 


R—CsC—R 


6 . The chemistry of carbon rings, their formation, stability, strain¬ 
less rings, double and triple bonds in rings—all these are consistent only 
with the tetrahedral arrangement (p. 68 ). 

7. The measurements of dipole moments (p. 1752) have served to 
confirm the above chemical evidence from the physical side. Thus, in 
the series of simple halogenated methanes given below, the perfectly 
symmetrical molecules, methane and carbon tetrachloride, have moments 
of zero. 


CH4 CH3CI CHjCh CHCI, CCI4 

^ - 0 M - 1-86 X 10-« p - 1 6 X 10-« M - 1.05 X l0-« j. - 0 

The other three have an imequal distribution of mass and electrostatic 
charges about the central carbon atom and hence possess definite dipole 
moments. 

8 . The structure of many complex cyclic, bioylic, and tricyclic 
compounds requires a tetrahedral carbon atom in constructing t|ee 
models of such molecules. Planar or pyramidal carbon atoms woipd 
not permit the construction of such models without involving enormouA* 
strains. 

The evidence concerning tetrahedral, octahedral, and planar con¬ 
figurations of the other elements will be considered in Part IX. 
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PART m. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING 
ASYMMETRIC CARBON ATOMS 

Moleoiles Containing One Asymmetric Carbon Atom 
♦ 

General Concepts. Using the tetrahedral model of the carbon atom 
it is easily observed by means of the structural models that a compound 
containing a carbon atom attached to four different groups, Cdbcd, pos¬ 
sesses a mirror image which cannot be superimposed on the original 
(Figs. 1, 2). Such a molecule is asymmetric, and hence a carbon atom 
of this tyx>e is called an asymmetric carbon atom. 



Fio. 1 Fia. 2 


One of the means used to decide whether or not a molecule is asym¬ 
metric is to determine the presence or absence of a plane of symmetry in 
the molecule. A plane of symmetry is one that uriU divide a molecule into 



Fla. 3 Fio. 4 

halees, each of which is the mirror image of the other. It is clear by mramin- 
the models of the ccMmpouods Cot, Cash, Coshc, and Cashs (Figs, 
all of them possess a phme of symmetry (PP). 
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The mirror images of the models represented by Figs. 3, 4, 6, 6 are 
identical with the originals, and no optical isomerism is possible. The 
experimental facts observed on compounds with structures correspond- 



Fia. 6 


Fio. 6 


ing to these type formulas confirm these theoretical predictions. The 
molecule represented by Fig. 1 possesses no plane of s 3 Tnmetry, and may 
exist in two optically active forms, a dextro and a leva form, represented 
by Figs. 1 and 2. If equal amounts of the two isomers, d- and U, are 
mixed together, the optical effect of each form is neutralized by the 
other and a product is obtained which is known as a racemic modificatim. 

Historically, lactic acid was one of the first compounds examined. It 
was found to exist in; 

1. An inactive form—racemic lactic acid. 

2. A deifrorotatory form—sarco-lactic acid. 

3. A fevorotatory form—^fermentation-lactic acid. 

The models of lactic acid are represented in Figs. 7 and 8. 



loaotiw or rsoomio lactic add (dl-Laotio add) 


The biologioal processes in living muscle produce d-lactic add (Fig. 
7), the action of certain microdrganisms on lactose forms Wactic add 
(Hg. 8), and the laboratory synthwis of lactic add leads to an equi- 
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molecular mixture ttf d- and 1-forma which constitutes the inactive 
modification known as raeemio lactic acid (dl-lactic acid). The following 
reactions represent one poanble synthesis. 


<0* Lactic Acid 




The starting molecule, propionic acid, cannot exist in optically active 
forms, since it has a plane of symmetry. In the bromination reaction 
either of the two a-hydrogen atoms may be replaced by bromine produc¬ 
ing dr and I-o-bromopropionic acids in equal amounts, since the two 
hydrogens are similarly situated in the molecule. The probability of 
obtaining the d-form is hence equal to the probability of obtaining the 
Worm, and therefore, racemic or dl-a-bromopropionic acid results. 
The reaction with silver hydroxide must produce dWactic acid from the 
dl-o-bromopropionic acid. 

Examination of the general formulas in Figs. 1 and 2 shows that if 
any two groups are interchanged in one model the resulting structure 
will be identical with the mirror image of the original. Thus, exchang¬ 
ing the positions occupied by a and b (or any other two groups, a and c, 
a and d, b and c, b and d, or c and d) in Fig. 1 gives a model identical with 
Fig. 2. Sudi an exchange was accomplished experimentally by Emil 
Fischer, who thus demonstrated conclusively that the relationship be¬ 
tween optical isomers must be due to spatial factors and not to any 
structural factors. The reactions. Figs. 9-12, demonstrate the inter¬ 
change of the carboxyl and amide groups. 

Other experiments have also readily demonstrated that reactions 
which made two groups attached to the orginally as 3 Tnmetric carbon 
atom identical resulted in optically inactive products. Thus, the hydroly¬ 
sis of any <d the four compounds above leads to the isopropyl nmlonic 
aiM (Fig. 13) which is inactive and cannot exist in optically active forms 
(</. Kg. 6). 

For many years all the known optically active compounds of carbon 
.fi^taiaed two or more carbon atoms in the molecule. As aconsequmce, 
question whether fact<Hra, othar than tl^ presence (rf an 
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asymmetric carbon atom, were necessary for optical activity in a mols' 
cule. However, in 1914 Pope and Read established the fact that a 



leto 

Fio. 12 Fra. 11 

single carbon was all that was necessary, provided that it was asym¬ 
metric. The resolution of chloroiodomethanesulfonic acid into its optical 
enantiomorphs (Fig. 14) was accomplished. 



Fig. 14 


Properties of Enantiomorphs. Within the limits of experimental 
error all the physical properties of the d- and Worms of a compound are 
identical except the effect on plane-polarized light. In respect to their 
optical rotatory power, each isomer rotates the plane of poltuized li^t 
exactly the same number of degrees but in opposite directions. No other 
distinctive differences between optica! isomers which are mirror images 
of each other have ever been noted.* The crystal forms of enantio- 

* ClaimB have been made that differences between the d- and t-forms exist. (See 
Campbell, J. Am. Chtm. Soc., U, 1661 (1931).) The differemses are within the experi¬ 
ment error of the observations and tbe degree of purity of the matoials, 
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moiplui may also be mirror images of each other, but this relationship 
of the crystals is unusual. 

Since optical isomers contain the same atoms and groups in the same 
relationship to each other (although in a different spatial order), their 
chemical reactions are identical. In a reaction with another optically 
active molecule, the d- and Worms may react at different rates, but the 
type of reaction is identical. 

Studies on the phyrsiological effects of optical isomers have shown 
that there may or may not be considerable differences between the d- 
and Worms. Where one optically active isomer exhibits a specific dif¬ 
ference it seems probable that diastereoisomers are produced by the 
reaction of the optically active agent with some optically active com¬ 
ponent of the living tissue. Such diastereoisomers have different prop¬ 
erties and hence would be expected to cause differing physiological 
action. 

The properties of racemic modifications will be discussed later 
(p. 248). Generally the racemic forms differ in many respects from the 
optically active isomers. 

Principle of Free Rotation. Ethane exists in only one form. This 
means that the two carbon atoms in ethane (Fig. 15) and its derivatives 
must be able to rotate with reference to each other about the single bond 
joining the two together. For example, lack of free rotation in ethylene 



Fra. 15 Fia. 16 Fio. 17 Fio. 18 

bromide would indicate an indefinite number of isomers. Figures 16, 17, 
and 18 represent three such possibilities. Since the number of isomers 
agrees with the idea that the carbon atoms are free to rotate, this 
principle has been accepted as holding true for all simple molecules and 
mipt be kept in mind in considering structural formulas or models. 
Certain types of molecules have been found in which atoms are joined 
p fing} B tond but ara ao substituted that the rotation is restricted 
;; is^pwented. These mdeculeB will be considered in Part Vlll. 
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Compounds Containing Two Different Asymmetric Carbon Atoms 

A substituted ethane of the general formula Cabc—Cdef contains two 
different asymmetric carbon atoms, and construction of the models 
shows that four optical isomers corresponding to Figs. 19, 20, 21, and 22 
should exist. 



Mirror-Image Relationship. Experiment fully justifies these models, 
and many cases are known in which all four optical isomers have been 
obtained. The relationship between the isomers is important. The 
molecule corresponding to Fig. 19 is the mirror image of that represented 
by Fig. 20. An equimolecular mixture of these two, therefore, con¬ 
stitutes a racemic modification. Similarly, the molecules represented 
by Figs. 21 and 22 would also constitute a racemic modification. 

The relationship between the molecules represented by Figs. 19 and 
21 is quite different. They are not identical and are not mirror images 
of each other. A careful examination of the two models shows that 
they differ in the spatial distribution of the groups. Thus, with the 
models in the position shown with group e above group b in both Figs. 
19 and 21, it is clear that d is closer to o in Fig. 19 than in Fig. 21, and 
the same is true for groups / and c. For this reason, the molecules 
represented by Figs. 19 and 21 are called diastereoisomers.* Similarly, 
Fig. 19 is also a diastereoisomer of Fig. 22; Fig. 20 is a diastereoisomer 
of Fig. 21 or 22. However, no such differences in the distances between 
the groups exist in the models constituting the pair of mirror images. 
Thus, it should be noted that in Fig. 19 the group a b exactly the same 
distance from the other five groups as the group o in Fig. 20. In 
enantiomorphs, therefore, the groups bear the same space relationship 

♦ Th« word diartBreoisomer is derived from four Greek 'words: Sm, ihrougk; orvees, 
solid or space; «<roi, tgual\ and iitpet, port; isomers through space. Use term diamer, a 
contraction of diastereoisomer, is also used, but this term reeembles diawr so doMly 
it may lead to confusion. 
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to each other; the only difference is their arrangement. These diastereo- 
isomeric relationships and the above-mentioned enantiomorphio rela¬ 
tionships hold true, even though one carbon atom rotates with respect 
to the other.* The mirror-image relationship will exist at any point in 
the synchronous rotation of the mirror images. 

Diastereoisomers differ from each other in physical properties, 
such as optical rotation, melting point, and solubility. Their chemical 
reactions are of the same type, since they possess the same functional 
groups, but the rates of reaction are different. 

Notation. Various schemes of notation have been developed for 
representing these space models on paper. Figures 23, 24, 25, and 26 


e 


d 


-/ 


a* 


■c 


b 

Fia. 23 



Fig. 24 


e 


/■ 


d 


a- 


o 


b 

Fig. 25 



Fig. 26 


indicate one method for representing the space models shown in Figs. 
19-22. The asymmetric carbon atoms are understood to be present 
where the lines cross, f According to another scheme the top asym¬ 
metric carbon atom is represented by the capital letter A and the bottom 
one by B, and the confiffuralims by plus, (+), and minus, (—), signs.J 
Figure 27 thus summarizes the number of isomers for a molecule with 
two different asymmetric carbon atoms. 

A + - + - 
B + - - + 
dl dl 
Fig. 27 


Formation of a Compound Containing Two Different Asymmetric 
Carbon Atoms from a Compotuid Containing Only One Asymmetric 
Carbon Atom. As a specific example of this transformation the bro- 
mination by the modified Hell-Volhard-Zelinsky method of dextro-fi- 
methylvaleric acid (Fig. 28) may be considered. The configurations of 
the two posrable bromo acids are shown in Figs. 29 and 30. 


* The student should satisfy himself' that these relationships and statements are true 
g^,hr eetual construction of the modids. 

PJ t In ming this system, it is important to visus^Ue the positions of Uie groups rdative 
the plane of the paper. The grouiia eb are in the plane of the paper and the groups 
we above the plane of the pfper extending toward the obeerver. This is in accord 
Fiadter convention. See Hudson, y. Chtm, Sd., IS, 363 (1941). 

"iniM|be taken not to eonfuse the plus or minus signs with direction of rotation 
' denote poadUe configurationB. 
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The bromine may replace either of the two o-hydrogens in the dextro 
acid, resulting in the two optically active diastereoisomers represented 
by Bigs. 29 and 30 in which the top asymmetric carbon atoms A have 
different configurations, but B has the same configuration as in the 
starting material. The important point to be noted in such a reaction is 
that the two diastereoisomers (Figs. 29, 30) are produced in unequal 



dextrc 


Fio. 29 Fiq. 28 Fw. 30 


amounts. This is due to the fact that in the optically active molecule 
(Fig. 28) the two hydrogen atoms bear different relationships to the 
groups about the asymmetric carbon atom B. Hence, they will react 
with the bromine at different rates, and at the end of any given time the 
two products (Figs. 29 and 30) will be present in unequal amoimts. This 
production of disastereoisomers in unequal amounts is general for all 
such reactions. It is possible, of course, that equal amounts might 
result, but this would be purely fortuitous. Also, one reaction may pro¬ 
ceed so rapidly that only one product is actually isolated. 

In the same manner, the bromination of Icw-^methylvaleric acid 
(Fig. 31) produces the two diastcreoisomeric bromo acids (Figs. 32, 33) 
in unequal quantities but in amounts inversely proportional to those 
obtain«i from the dextro isomer. 



If the racemic modification of /3-methylvaIeric add (consisting of 50 
per cent dextro, Fig. 28, and 50 per cent levo, Fig. 31) is brominated, all 
four bromo acids will be produced. Owing to the fact that the oe-hydrc^| 
gen atoms in Fip. 28 tmd 31 have similar relationships, the molecule^ 
corresponding to Fig. 29 and Fig. 33 will be formed in equ^ amounts and 
constitute one racemic modificatiOTt, wid Figs. 30 and 82 constitute a 





232 


ORGANIC CHEMISTRY 


second raoeraio modification. The relative amounts of these racemic 
modifications will be different since their constituents bear a diastereo- 
isomeric relationship to each other, as pointed out above. These two 
racemic modifications will have different physical properties and may 
be separated from each other by czystaUization. In this connection, 
it should be recalled that enantiomorphs possess the same physical 
properties and cannot be separated by a process such as fractional 
crystallization. 

These relationships are of fundamental importance, and must be 
thoroughly understood. Most asymmetric syntheses (p. 308) and the 
kinetic method of resolution (p 260) ultimately rest upon the production 
of diastereoisomers in imequal amounts. The most important method 
of resolution of racemic modifications (p. 256) rests upon the differences 
in physical properties of diastereoisomers. 


Con^unds Containing Two Similar Asymmetric Carbon Atoms 

The classical examples of molecules of this type are the isomers of 
tartaric acid, shown in Figs. 34, 35, and 36, and summarized in Fig. 37. 


H- 

HO- 


QOaH 

-OH HO- 
-H H- 


COjH 
-H 


COiH 

dextro 
Fig. 34 


CO»H 


Tjrv.- _ 

_TJ 

XIV-/ 1 

p_ 

p' 

TTA— 

_p* 

JClV ■ 

.XI 


CO,H 

leva 

Fro.35 


CO»H 

ineao 

Fio.36 


Racemic tartaric 


A + - + 
A - 

dl meto 
Fig,37 


d-Tartaric acid is composed of two identical dextrorotatory carbon 
atoms, and the entire molecule is dextro (Fig. 34). Its mirror image, 
i-tartaric acid, is made up of two identical ieaorotatory carbon atoms, 
as shown in Fig. 35. The equimolecular mixture of the two constitutes 
the racemic modification. 

Racemic and meso-Tartaric Acids. The molecule represented by 
Fig. 36 constitutes a new isomer. It is composed of one dextrorotatory 
carbon atom, and an exactly similar Zeoorotatory carbon atom. Since 
the two asymmetric carbon atoms are exactly aUke, but rotate the 
plane of polarized light the same number of degrees in oppofflte direc- 
tiona, the net rotation will be zero, and the molecule is optically inactive, 
conclusion is confirmed by examination of the model, rince it is 
that a plane of symmetry passes through the center of the molecule 
hne BP'. This form is called wao-tartaric acid. It is optically 
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inactive by internal compensation as contrasted with dJ-tartaric add 
which is optically inactive by external compensation. There is only one 
meso form of tartaric acid since the compound obtained by exchanging 
the hydrogens and hydroxyl groups of Fig. 36 is identical with Fig. 36. 
This meso form is a diastereoisomer of the d- and J-tartaric adds and 
differs from them in physical properties. Some of these differences are 
shown in Table I. 


TABLE I 

CoMPASiBON OF Phtbical Profbhties OF THE FonB Tabtaeic Acids 


Property 

d-Tartaric 

I-Tartaric 

dl-Tartaric 

(Compound) 

meso- 

Tartaric 

1. Melting point. 

170° C. 

170° C. 

206° C. 

140° C. 

2. Ionization —Ki . 

0.00117 

0.00117 

0.0011 

0.00077 

3. Ionization —Kt . 

0 000059 

0 000059 

0.000058 

0 000016 

4. Density. 

1.76 

1.76 

1.687 

1.666 

S. Solubility (g. in 100 g. 





H,0 at 16°). 

139 

139 

20.6 

125 

fi. Tlftfrartivft index. 



1.4246 

1.4315 

7. Specific rotation (alf? 





(20 per cent solu- 





tion HjO). 

+ 12 

-12 

Inactive 

Inactive 

S. Dipole moments of 





diethyl esters. 

3.12 X 10-'” 

3.12 X 10-'” 

3.16 X 10-'” 

3.69 X 10-'* 

9. Boiling points of di- 





ethyl esters. 

157°/11 mm. 

157711 mm. 

157°/11.5 mm. 

157.5714 mm. 


1 


158°/14 mm. 



The data in Table I indicate that the d- and i-forms have the same 
physical properties except their effect on plane-polarized light. The df- 
and ?»e«>-tartaric acids differ in physical properties from each other 
and from the d- and i-forms. The data on the diethyl esters are of 
interest since they indicate that the boding points of the isomers are 
very close together (see footnote, p. 256). The dipole moments of the 
d-, It, and di-diethyl tartrates are identical (within experimental error), 
but that of the meso-diethyl tartrate is distinctly higher, which is further 
evidence for the configuration assigned to it. 

Optically active molecules containing more than one asymmetric 
carbon atom have a rotation which is the algebraic sum of the rotations 
of the individual asymmetric atoms. The best evidence for this is the 
fact that the meso form is optically inactive. 
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Compounds Containing Three Different Asymmetric Carbon Atoms 

The conversion of molecules with two different asymmetric carbon 
atoms into compounds with three different asymmetric carbon atoms is 
shown diagrammatically in Fig. 38, in which the arrows represent 
chranical reactions which generate a new asymmetric carbon atom 
different from the two already present. 



dl 

dl 



A + 

" - 



B + - 

+ 



yO<\ /X\ 

CHjOH 

(!:hoh 

A 

+ — — 

+ - 

I 

B 

+ 

1 

+ 

1 

1 

+ 

- + 

CHOH 

1 

C 

+ — — + — + 

+ - 

CHOH 

) 


dl dl dl 

dl 

CHO 
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Fia 39 


There will be eight optical isomers existing as four racemic modifica¬ 
tions. Any one isomer is a diastereoisomer of each of the others except 
its own mirror image. The aldopentoses (Fig 39) constitute a specific 
example of this type, in which all the eight isomers are known. 

Each racemic form of the molecule containing two different asym¬ 
metric carbon atoms produces two racemic modifications of the com¬ 
pound with three asymmetric carbon atoms, and these two racemic 
forms will be produced in unequal amounts. 

CooD^Kmnds Contaming Three Asymmetric Carbon Atoms, Two of 
Which Are the Same 

The trihydroxy^utaric acids obtained by oxidation of the pentoses 
have been found to exist in the forms shown in Figs. 40, 41, 42, 43, and 
summarized in Fig. 44. 

In the molecules corresponding to Figs. 40 and 41 the two end asym^ 
metric carbtm atoms (as in Fig. 44) are either both dexiro or both leoo, 
respectively. The entire molecules are mirror images each other and 
^mstitute a racemic modifioation. In these models the central carbon B 
itof asymmetric, since two ctf the groups attached to it are identical. If, 
4 lunvst^er, tll|^ two end asymmetrui earbon atoms have opposite con- 
l|girati(His, ie-, one A is aod the other A is la)o, then B has four 



OPTICAL ISOMERISM 


m 

different groups attached to it. The question therefore arises as to the 
effect such a carbon atom exerts on the molecule. Examination of the 
two models* corresponding to Fi^. 42 and 43 shows that each possesses 
a plane of symmetry drawn through the central carbon atom and its 
hydrogen and hydroxyl groups. Hence, these molecules are not asym¬ 
metric and, therefore, cannot affect plane-polarized light. Experiments 


CO,H 


HO- 


COjH 


-H 


-OH HO- 


-OH HO- 


«30jH 

Fig. 40 


OOjH 


-OH HO- 
-H HO- 


HO- 


COjH. 

Fig. 41 
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< 

F: 
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iG. 43 
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(m.p., 152°) 


A + - + 

s e 

A -f - 

Fig. 44 


+ 

e 


with the trihydroxyglutaric acids have confirmed the fact that such 
molecules are not optically active, but are internally compensated or 
meso forms. Since, however, the central carbon can have two different 
configurations by exchanging the H and OH groups as shoMm in Figs. 42 
and 43, there will be two meso forms. 

A carbon atom of this type, although it holds four different groups, 
possesses a plane of symmetry because of the fact that two of these 
groups are mirror images of each other. It is, therefore, not truly asym¬ 
metric and hence is termed pseudoasymmetric. In order to distinguish 
such pseudoasymmetric carbon atoms in the notation shown by Fig. 44, 
they are represented by circles containing plus or minus signs. 


Compounds Containing Four Asymmetric Carbon Atoms 

The presence of four different asymmetric carbon atoms in a com¬ 
pound gives rise to sixteen optical isomers which can form eight racemic 
modifications. Figure 45 summarizes the possibilities for such molecules. 
The aldohexoses (Fig. 46) are molecules of this type. All sixteen isomers 
are known and well characterized. 

In the special case of a molecule contaimng two pairs of rimilar 
asymmetric carbon atoms there will be only eig^ht active forms easting 

* Tb« atudent should huUd up models eoireqKmdiDg to Figs. 40, 41, 42, and 43, using 
tetrahedral models, and observe the epaoe relatiMBahipe beitweait these isomers. 
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as four racemic modifications and two additional meao forms. Figure 48 
represents the isomers of the dibaac acids (Fig. 47) obtained by oxida- 
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tion of the primary alcohol and the aldehyde groups of the aldohexoses 
(Fig. 46) mentioned above. 
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Fig. 48 





Compounds Containing Five Asymmetric Carbon Atoms 

Construction of the models of a molecule containing five different 
asymmetric carbon atoms shows that thirty-two optical isomers exist 
as sixteen racemic modifications. A study of the number of isomers 
found in compounds containing different asymmetric carbon atoms 
in a chain has shown that the number is equal to 2” where n equals the 
number of asymmetric carbon atoms. This formula is used, therefore, 
to determine the number of isomers rather than building the models or 
drawing the possibilities by the A, B, C, D, E notation. 

A molecule of the type A-B-C-B-A is interesting because of the ques- 
timi concerning the influence exerted by the carbon atom C on the prop- 
eriiiSS of some of the isomers. A summary of the sixteen possible 
Inmasrides is shown in Fig. 49. 

^ ,, The ismpers numbered 1, % 3,4 constitute two racemic modifications, 
the 01 ^ of these imdecules aie identical, carbon C is not asym- 



OPTICAL ISOMERISM 


237 


metric. In forms 6, 6, 7, 8 a plane of symmetry is present and the ends 
AB are mirror images of each other. Hence, C is now pseudoasym- 
metric, and four meso forms result. The remainder of the isomers (9-16) 
constitute four racemic modifications. The question concerns the 
properties of these eight forms in each of which the only difference be¬ 
tween the A-B- on one end and the -B-A on the opposite end of the mole¬ 
cule is in the sign of one of the A’a or B'a. Thus, in the molecule 9, the 
two B’s are both dextro, but one A is dexiro and the other leva. Is C 
truly asymmetric in this molecule; i.e., docs it affect plane-polarized 
light and contribute to the rotation of the molecule as a whole? There 


are 

1 two possible 

solutions 

, neither of ’ 

which 

1 has as 

yet 

been 

established 

by 

experiment. 
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According to the first possibility C may be truly asymmetric, since 
there is no plane of symmetry, in which case the forms 9-16 will consti¬ 
tute four racemic modifications. Each form will have rotations and 
physical properties different from those of aU the others except its own 
mirror image. 


On the other hand, the slight differences represented by 


A + 
B + 


and 


B + 
A - 


as in form 9 may not enable C to contribute to the total rotation 


of the molecule. If this happened in the molecule under consideration 
then forms 9 and 11 would have the same optical rotation but would 
differ in other physical properties. The same would be true of the 
pairs, 10 and 12, 13 and 15, 14 and 16. 


Compounds Containing Asymmetric Carbon Atoms in a Branched- 

Chain Structure 

The preceding discussion has been limited to a consideration of the 
optical isomers of compounds in which the asymmetric carbon atoms 
were present in a single carbon chain. In brandhed-chain compounds 
the number of isomers vwies somewhat. As long as all the asymmetric 
carbon atoms are different the total number of ismners is equal to 2". 
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Thus, in a molecule of the type in Fig. 50, in which A*, B*, and D* are 
different groups containing an asymmetric carbon atom, the central 
atom C is also asymmetric; hence, since there is a total of 4 assmmetric 
carbon atoms there will be 2^ or 16 isomers existing as 8 racemic modi¬ 
fications. In a molecule of the structure shown in Fig. 51, there are 


B* B* 



Fio. 60 Fra. 61 


5 different asymmetric carbon atoms, and hence 2* or 32 optical isomers 
(16 racemic modifications). In the.se types of branched-chain com¬ 
pounds, therefore, the number of isomers is the same as exists for a 
chain comoound with the same number of different asymmetric carbon 
atoms. 

Special Cases 

Molecules containing three similar asymmetric carbon atoms at¬ 
tached to a single carbon atom exist in only four active forms constitut¬ 
ing two racemic modifications. These forms are represented in Fig. 52, 
in which the capital letter A represents an asymmetric carbon atom and 
three such groups are attached to a central carbon shown by the tetra¬ 
hedron. It is evident that the central carbon is never asymmetric under 



dl dl 

Fro. 62 


these conditions, since either two or three groups attached to it are identi¬ 
cal. In constructing models of these compounds, and also in repres^ting 
their arrangement on paper, it is important to note that the mirror 
image of A"'" is A”. 

A compound with four mmilar asymmetric carbon atoms (A) at- 
to a single carbon may exist in two racemic and a meao modifica- 
Us in4icated by the Imnnulas ol Fig. 53. 
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An unusual special case occurs in the oxime (Fig. 63) of a ketone of 
the type diown in Fig. 62. The ketone has two similar asymmetric car- 
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I 1 N^h 


Fig. 66 


bon atoms, and hence exists in a racemic and a meso modification. The 
syn- and onti-oximes of the racemic form of the ketone (Fig. 64) arc 
mirror images of each other, as is evident from the fact that the end 
groups are identical. The two oximes shown in Fig. 65 are derived from 
the meso form Pf the ketone and are optically active because they con¬ 
tain no plane of s 3 Tnmetry. The two forms of Fig. 65 are mirror images 
of each other and constitute a racemic modification. This is rather 
difficult to visualize from the two-dimen.sional figures, and it is nece.s- 
sary to construct the models in order to demonstrate the mirror-image 
relationship. 

There are other special cases involving various arrangements of 
asymmetric carbon atoms, but the number and nature of the isomers can 
be readily worked out, using the principles discussed above. 


GENERAL REFERENCES 

Stbwast, “Storeochemistry,'' Longmans, Green and Co., London (1919). 

Jaeoxb, "The Principle of Symmetry,” 2nd ed., EDsevier, Amsterdam (1920). 
Jaeger, "Spatial Arrangemente of Atomic Systems and Optical Activity,” McGraw- 
Hill, New York (1930). 

WiTTiG, “Stereochemie,” Akademische Verlagsgesellschaft, Leipzig (1930). 
QomecBumT, “Stereochemie,” Akademische Verlagsgesellschaft, Leipzig (1933). 
FHEunENBEBO, “Stereochemie,” Deuticke, Leipzig, and Vienna (1932). 

Lowbt, "Optical Rotatory Power,” Longmaiw, Green and Co., London (1935), 


PART IV. RACEMIC MODIFICATIONS 
1. Fonnation 

"Bf Iq the foregoing aection it has been pointed out that 

tlie convemon of a moleetde of the type Coaftc into one of the ts^ie 
yie]^ a product which is an equimolecular mixture of the d- and 
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{-antipodes called a racemic modification. Similarly the synthesis of 
molecules containing two, three, or more asymmetric carbon atoms 
results in the formation of racemic modifications. All ordinary chemi- v' 
cal reactions carried out on optically inactive compounds without the 
use of any optically active reagent and in the absence of circularly 
polarized light invariably produce racemates as the products. 

By Mixture of Enantiomorphs. If equimolecular quantities of the 
d- and i-antipodes are mixed the resulting product is optically inac¬ 
tive by external compensation and therefore constitutes a racemic 
modification. 

By the Racemization of an Optically Active Form. Optical isomers 
exhibit varying degrees of stability, and by suitable treatment most of 
them are ultimately converted to the racemic modifications. If the 
starting material is the dextro form this change involves the conversion 
of half of this d-form to the Z-form,and vice versa for the racemization of 
an initial Z-forra. This phenomenon of racemization may be accom¬ 
plished by purely physical agents such as heat, light, or solution in a 
solvent. It may also be accomplished by a change in structure involv¬ 
ing the formation of an optically inactive intermediate which reverts 
to the racemic form of the original. 

Racemization by Physical Means. Many compounds are racemized 
by heat. If d-tartaric acid is heated with a small amount of water the 
racemic acid results together with a small amount of the meso form. 
d-Phenylbromoacctic acid in benzene solution racemizes in three years 
on standing at room temperature.* Other compounds racemize in a few 
minutes. Some compounds even racemize while in the solid state, al¬ 
though the change under those conditions is very slow. T\Tien racemi¬ 
zation occurs spontaneously at room temperature it is called autoraceml- 
zation. 

In general it appears that compounds which have reactive functional 
groups directly attached to the asymmetric carbon atom undergo 1 
racemization more easily than similar molecules in which the functional' 
groups are remote from the asymmetric carbon atom. 

The mechanism of racemization taking place under the influence 
of physical agents has been ascribed by Werner * to vibrations of the 
groups. If the groups acquire sufficient energy so that the amplitude 
of the vibrations is great enough to bring the four groups momentarily 
into a ifiane then it is evident that either the d- or Worms may result. 
Werner* illustrated the racemization of a compound contmning an 
asymmetric carbon atom by a spherical model. Using the prraent- 

»Waldea. Ber., 81, 1«6 (1898). 

• Werner, “liehrbueh der Storeochemie," Jene (1904), p. 49. 
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day tetraliedrai concept the racemization would be represented as 
follows: 



d-Vcam PUou intermediate {-Form 

There is, of course, no proof of such a mechanism. The energy 
content of optical enantiomorphs is identical, but this does not mean that 
the interconversion is easy. A considerable amount of activation energy 
may be necessary to effect the interconversion. A curve representing 
the change in activation energy with composition is shown in Fig. 1. 



d -ri 


Fw. 1 

If the energy difference (a in Fig. 1) between the A- or I- and the 
optically inactive planar intermediate is great then the interconversion 
is difficult and requires drastic conditions, whereas if the difference is 
small then autoracemization takes place. 

Computation of the energy required to form the planar intermediate 
(shown above) shows that this mechanism is rather improbable. The 
activation energy for this process appears to be about 88 kcal. per mole.* 
Since only about 58.6 kcal. is required to break a carbon-carbon bond it 
appears that purely thermal racemizations probably occur through some 
process which involves breaking of a bond attached to the asymmetric 
carbon atom rather than vibration of the groups into a planar arrange¬ 
ment. 

It has been found that I'butanoi-2 undergoes partial racemization 
when its vapors me passed over zinc chromite, copper, or chromium 
onde at temperatures from 132° to 218° whereas no racemization 
occoned over Pyrex glass at 600°. Calculations show that the raoemiza- 
tkm is prpbably not due to reverse reactions from cither dehydrogenar 
lioa or de^dration but very likely is due to a dissociative adsorption of 

«iaiU!«ifl4Bad Heoriques,/. 4>n. f’W <8oe.. a, 1474 

■S’ 
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the alcohol by the catalysts Such a process involves actual breaking of 
one of the bonds directly attached to the asymmetric carbon atom. 

The kinetics of racemization has been studied by many investigators ® 
and the determination of the velocity constants and the half-life periods 
of optical isomers has proved to be of great value, particularly in correlat¬ 
ing ease of racemization with certain structural factors such as the size 
of the groups in the biphenyls. 

Racemization is a reversible monomolecular reaction. The equations 
for the calculations of the velocity constants may be derived as follows: 

Consider the racemization of a pure d-form, 

I 


If a = initial concentration of the d and x the amount of d changing 
to I in the time t, and ki and ^2 the velocity constants, then, since 
ki = k 2 = k because the rate of change of the d-form is equal to the rate 
of change of the Worm, the differential equation becomes 


Integrating, 


— = k(a — x) — kx = A(o — 2a:) 
at 


k = 


2.3, o 


Since the concentrations are proportional to the rotations, if a© is 
the original rotation and «, the rotation at the end of the time t, i.e., 


then 


oo O': <t 
at cc (a — 2x) 
2.3 ao 


The half-life period T represents the time in which one-fourth of the 
ori ginal d has been converted to I and is calculated from the equation: 

m 2.3, _ 

T = -^logw2 


Racemization, Imohing Tautomerization. If the asymmetric carbon 
atom is in the a-position to a group capable of undergoing tautomeric 

‘ BurweU, ibid., 89, 1609 (1987). 

• Smith, Aid., M, 43 (1927); (DwnpbeU kad (^uopbell, Aid., M, 3S34, 4S81 {1^). 



244 


ORGANIC CHEMISTRY 


change* then racemisation takes place very readily. The enolization 
of a ketone may be represented by the following genersd equation. 


*1 ^ 

R—C—C—R R—C“=C/—R 


Enolization deetro 3 ^ the asymmetry of the molecule, and hence 
when the enol form reverts to the keto form the probability of obtaining 
the d-form is equal to the probability of obtaining the Worm thus 
resulting in the racemic modification. In support of this mechanism, it 
has been foimd that, whereas mandelic acid (Fig. 2) readily imdergoes 
racemization, 

OH OH OH 

I I z®'' I 

C.H*—c—CO,H C,Hr—C=C—OH CeHy—C—H 

1 I 

H COsH 

d-Form l-Form 


the active atrolactic acids (Fig. 3) are stable and do not undergo race¬ 
mization;’ the stability is due to the fact that no hydrogen atom is 
present on the asymmetric carbon atom and hence enolization is not 
possible. 

OH 

i 

C«Hr-C—CO2H 

in, 

AtroUctio ftcid 
Fio. 3 

McKraizie and Smith • studied the ease of racemization of the follow¬ 
ing series of amides and found that t-atrolactamide (Fig. 4) does not 
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' Kimiiilg aad Hwtor, J. Cht». Soc., U, tOOO (IMS). 

MoK^ aad WT. 703, iOSl <10W); ttS. 1903 (IM®; Ben, W. 8M 

•ad BambMd, *«■., M. 3S8 aSW); RoQ». »«■„ *T, 843 (IWd); "Wwn, 

jr. CW. Soe., m. U4S 
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undergo racemization in the presence of traces of alkali or potassium 
ethoxide in absolute alcohol. The other amides (Figs. 5,6, and 7) show 
increasing rates of racemization, which phenomenon parallels the ease of 
enolization of these compounds. 

McKenzie and Wren* have studied the action of alkaline reagents 
on active esters. Saponification of Z-ethyl mandelate with dilute aqueous 
alkalies causes little or no racemization, but the action of alcoholic 
potassium hydroxide causes considerable racemization. The explanation 
is based on the fact that aqueous alkalies cause saponification by the 
following reaction; 


OH 




,0 


,0H 


CeHs—C—C—OCjHs + KOH 

1 

H 


OH 

I 

C,H6—c—C—OK 

\)CiH5 


H 

OH 
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CeHt—C—C—OK + CsHsOH 

I 

H 


The asymmetric carbon atom is not affected and hence the product 
retains its activity. 

However, when alcoholic potassium hydroxide is the reagent the 
solution contains some potassium ethoxide. 

C^HsOH + KOH CzU^OK + HjO 


The potassium ethoxide reacts with the optically active ester to 
produce the ester enolate which is opticallj’^ inactive and is in equi¬ 
librium with the racemic ester. Hydrolysis of either the optically 
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inaetive ester enolate or the racemic ethyl mandeJate would, of oouiee, 
produce racemic potastdum mandelate. 

* tad Wren, ibid., US, <03 (1910); Brienmeyw. Sohe&kei, end 

ITebk CMm. Asia, M. 3ft7 (1987). 
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Couant and Carlson“ studied the rates of enolization of five optically 
active ketones of the t 3 rpe shown in Fig. 8 by noting the rates of raoemi- 

R 

t 

At—C—COCH, 

I 

H 

Fia.8 

zation. The relative rates were found to be dependent on the nature of 
the catalyst and solvent. 

The use of deuterium compounds has been introduced in order to 
obtain experimental evidence on the interrelationship between enoliza¬ 
tion and racemization. Haii, Ingold, and Wilson “ compared the rate 
of racemization of the optically active Z-phenyl sec-butyl ketone 
(Fig. 9) with the rate of introduction of deuterium when the ketone was 
treated with sodium deuteroxide in dioxane-deuterium oxide solution. 
The steps in the process are probably: 

1. Formation of anion. 

CjH» C»H, 

I I 

C«H*CO—C—CH, -f- Na+(OD)- -» [CeHsCO—C—CH,]-Na+ + HOD 
H ^ 

leva 

Fro. 9 

2. Racemization. 

O CjHi O” C»Ht 

Hi II 

[C«H*C—C—CH,]-Na+ ?:i [C.H»—C==C—CH,]-Na+ 

InftoitVQ 

3. Regeneration of ketone. 

0 CiH» O C»H, 

II I 11 I 

[C,H*—C—C—CH|]-Na+ + D*0 C«H*—C—C~CH* + Na+(OD)- 

' D 

nsoemio 

^ Conaat uid Carleon, J. Am. Chem. Soe,, M, 4048 (1032). 

^ RtQ, lincold, and Wilson. /. CAem. Soe., 78 (1938). See also Incold and WilaoB, 
df. Ctem. 80 S., 773 (1934); Bartiatt and Stauffer, Am. Chem. Soe., 07, 2S60 (1935); BsO 
Chem. 8oc., 623 (1986). 
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By means of a large excess of deuterium oxide the third reaction can 
be driven to completion for all practical purposes. It was actually found 
that the rate of racemization of the optically active ketone paralleled 
the rate of introduction of deuteriiun. Both processes followed the 
first-order rate law within experimental error. The actual rates were 
not quite identical, but this is ascribed to the fact that the deuterium 
oxide contained some protium oxide. Protium exchanges at a more 
rapid rate than deuterium, and hence the ketone racemized a little more 
rapidly than would have been anticipated if deuterium alone had been 
introduced. 

If a monobasic acid derived from a sugar is dissolved in pyridine or 
quinoline and heated, a change in the configuration of the asymmetric 
carbon atom alpha to the carboxyl group takes place. Figures 10, 11, 12, 



Fig. 10 Fig. 11 Fig. 12 Fig. 13 


and 13 represent the interconversion of f-arabonic and Z-ribonic and of 
d-gluconic and d-mannonic acids. The basic solvent used prevents 
lactone formation and also catalyzes the transformation to an enolic 
intermediate which obviously can affect only the configuration of the 
o-carbon atom. The reaction is reversible and hence represents a con¬ 
figurational change of the a-asymmetric carbon atom whereas the other 
asymmetric carbon atoms are unaffected. Such a change in the con¬ 
figuration of one asymmetric carbon atom in a molecule which contains 
two or more asymmetric carbon atoms is called epimerization. This 
epimerization of the sugar acids discovered by Emil Fischer “ is not a 
true racemization since the products are diastereoisomers and not mirror 
images. The formation of these epimers is best explained on the assump¬ 
tion of an enolic intermediate. 

Evidence supporting this concept has been obtained by Erlenmeyer ” 
and his associates, who found that treatment of J-menthyl d-phenyl- 
bromoacetate in ethyl deuteroxide with potassium ethoxide caused 
epimerization to take place rapidly. An isotopic analysis of the recov- 

« Fischer, Bcr., Mr 708 (1800); 04, 3137, 3622, 4216 (1891); 17, 3193 (1894). 

*• £rl«uneyer and oo-worltera, fleJe. CAwb. Aeta, 19, 120, 643, 1063 (1936); Htnd., Vt, 
367 (1937). 
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ered ester showed that 0.702 hydrogen atom had been replaced by 
deuterium per mole. The theoretical exchange value is 0.70 calculated 
from consideration of the equilibria and assumption of enolization be¬ 



fore epimerization. It should be noted that the above process involves 
the following stereochemical changes: 


A + A A 

B - B - B - 



Diaatvreoisoaiors 


2. Properties of Racemic Modifications 

The physical properties of a racemic modification generally differ 
from those of the enantiomorphs from which it is dcrivtjd. The rela¬ 
tionships between some of the physical constants of the racemic and 
the optically active forms are discussed below. 

A racemic modification may exist in three forms in the solid state. 
These solid phases may be racemic mixtures, racemic compounds, or 
racemic solid solutions. Analogous types are found among many com¬ 
mon inorganic salts. Thus, copper calcium acetate exists as a mixture 
of the two salts above 75° but forms the double salt below this tem¬ 
perature. The racemic solid solution is analogous to isomorphous 
crystals, such as the alums which form mixed crystals in all proportions. 

Racemic Mixture. This modification is a mechanical mixture of 
individual crystals of the dextro and leva fortes. In some compounds, 
notably in sodium ammonium tartrate, the crystals may possess hemi- 
hedral facets and be themselves enantiomorphic (Figs. 14 and 15). When 
eaiefuUy formed, they may be distinguished from each other with the 
aid of a hand lens and separated mechanically. 

V Baccate Compound. A pair of enantiomorphs can often unite to 
; a molecular compound, all the crystals of which contain equal 
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amounts of both isomers and are identical. Heat is usually evolved dur¬ 
ing its formation, and its physical properties are markedly different from 
those of its components. Since, however, almost complete dissociation 
occurs when compounds of this type dissolve, ordinary cryoscopic meth¬ 
ods fail to establish a multiple molecular weight.^* Presence of an ex¬ 
cess of one of the active modifications, however, limits the extent of the 
dissociation. Thus Walden and Patterson ** have been able to show 
that the values for the molecular weight of racemic diacetyl tartrate are 
considerably greater when determined in active diacetyl tartrate as the 
solvent than in water as the solvent. 










J 






Fia. 16 * 


Raceouc Solid Solution.! If a pair of enantiomorphs are also 
isomorphou.s, they may crystallize together as a solid solution without 
formation of a compound. This modification differs from a racemic 
mixture in that it constitutes but a single phase, as does a racemic com¬ 
pound. However, it differs from the latter in that all mixtures com¬ 
posed of a racemic solid solution and either active form still act as a 
single phase, whereas any mixture composed of a racemic compound and 
either active form constitutes two phases. 

Methods for Determining the Hature of Racemic Modifications. 
In order to distinguish between these three types of racemic modifica¬ 
tions, Roozeboom ” has devised two methods. 

Freezing-Point Method. This method requires the preparation of a 
freezing point-composition diagram for mixtures of the racemic modifica- 

• Coben, "Theoretical Organic Chemistry," The Macmillan Co., New York (1928). 
(Courtesy of the publishers.) 

Raoult, Z. physik. Chem., 1, ISO (1887); AnschOtz. Ann., 147, 121 (1888) ; Frankland 
and Pickard, J. Chem. Soe., *», 128 (1896); Bruni and Padoa, G<az. Mm. Hal., SS. 603 
(1902). 

** Walden, Ser-, W. 666 (1006). 

Patterson, Her., 38, 4092 (1905). 

t The term "pseudoraoemio nuKed-crystai," hitherto used to describe this modifica¬ 
tion, was introduced by Kipping and Pope. 

n Rooseboom, Z. Phytik. Chem., S8, 494 (IS99). 
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tion with its corresponding antipodes. One may then distinguish be¬ 
tween the three types in that the diagram for a racemic mixture is 
composed of two curves (Fig. 16); for a racemic compound, of three 
curves (Figs. 17 or 18, depending upon whether the freezing point of 
the racemic compound is higher or lower than that of the antipodes); 
and for a racemic solid solution, one line (Fig. 19). 

Since each of the possible dia^ams is symmetrical, only one of the 
enantiomorphs, together with the racemic modification, is necessary for 
the study. 



0%l 50 ioo%i 




Q%1 50 100*i 0%l 50 lOOJti 


Fiq. 16 


Fig. 17 


Fig. 18 


In order to determine whetVicr a racemic mixture or racemic com¬ 
pound is formed, it is merely necessary to add a small amount of either 
the pure d- or pure l-form to the racemic modification and determine 
the freezing point. If this freezing point is higher than that of the 
original racemic modification a racemic mixture is present; if lower, a 
racemic compound is indicated. As is evident from the diagrams of 
Figs. 17 and 18, care must be taken not to add too much of the d- or 
Worm since the freezing point of this composition might fall close to 
one of the vertical axes and a rise in freezing point would be obtained. 


T\ 


iOOXd 0%d 

0% I 100^ I 

Fig. 19 


This method cannot be used if the components form a racemic solid 
jsolution ^ce the liquidus and solidus curves become identical and hence 
is only a straight horizontal line between the identical melting 
|l^la of the d- and Momm. (See Fig. 19.) 
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Solubility Method. Roozeboomand also Bnmi have discussed 
the solubility relationships which should exist between optical enanti- 
omorphs, racemic mixtures, racemic compounds, and racemic solid 
solutions from considerations of the phase rule. The curves shown have 
not been established experimentally, nor have their exact shape and 
slope been determined. No experimental data have been presented 
which definitely correlate the melting-point curves given above with 
solubility curves. 

According to Roozeboom, just as the presence of a second fusible 
solid phase lowers the melting point of an organic compound, so the 
presence of a second soluble phase alters its solubility. Hence, if a 
solubility-composition isotherm for mixtures of a racemic modification 
with its corresponding enantiomorphs is plotted, the result is the same as 
in the previous method, i.e., a racemic mixture gives rise to two curves, a 
racemic compound to three curves, and a racemic solid solution to one 
curve. Here, again, the diagrams are symmetrical, so that only one of 
the active isomers is needed for the study. 

The conclusions drawn from this method are valid only for the par¬ 
ticular temperature at which the solubilities are determined. Suppose, 
for example, that a substance crystallizes from water as a racemic mix¬ 
ture at a temperature L- The solubility-composition isotherm, h (Fig. 
20), then has the form acb, where a and b arc the solubilities of the pure 
d-form and pure Worm, and c the solubility of the mixture.* The 




branches ac and be then represent the change in solubility of each form 
as the other form is added. It often happens, however, that the same 
raceniic modification can crystallize as a compound at a higher temper- 

w Bruni, Gaxz. chim. ikU., 30, 35 (1900). 

• The shape of these curves dep<'uds on the nature of solute and solvent. The point 
c may also lie on a straight lino between a and b or may be bdow the value for a or i. 
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ature, < 3 . Ite solubility-compositjon isotherm then has the form ^hge; 
df and eg have the same meaning as ac and be, but instead of being joined 
together directly, they are attached to the curve fhg, in which h repre¬ 
sents the solubility of the racemic compound, and fif and hg represent the 
change in its solubility in the presence of increasing amounts of the d~ and 
Worms, respectively. The points / and g therefore represent solutions 
saturated with respect in the one case to racemic compound and d-form, 
in the other to racemic compound and Worm. If solubility-composition 
isotherms for temperatures lower than <2 SJ* plotted, the points / and g 
approach each other along the curves MO and NO, respectively, until 
they meet at O. The temperature at which this occurs is the transi¬ 
tion temperature for the racemic modification concerned. Above that 
temperature it will crystallize only as a racemic compound; below it, as 
a racemic mixture. An example is sodium ammonium tartrate with a 
transition temperature of 27.7°. 

For some racemic modifications the situation is reversed. In this 
event the curves appear as in Fig. 21 , where the racemic mixture is now 
the form stable above the transition temperature, and the racemic com¬ 
pound is the form stable below. An example is rubidium tartrate with 
a transition temperature of 40.4°. 

The solvent, especially when the solute can crystallize with solvent 
of crystallization, plays an important role in determining which form tho 
racemic modification possesses in the solid state. Thus sodium ammo¬ 
nium tartrate as a racemic mixture crystallizes with four moles of water 
for each form, but as a racemic compound with only two; and rubidium 
tartrate crystallizes as a racemic compound with two moles of water of 
crystallization but as a racemic mixture with none. In general, the form 
possessing the smaller number of moles of water of crystallization is the 
form obtained above the transition temperature. 

Racemic modifications sometimes crystallize from one solvent as a 
mixture, from another as a compound. Here, too, solvent of crystalliza¬ 
tion probably plays an important role. 

Transition temperatimjs at which a racemic compound becomes a 
racemic solid solution have also been observed. Thus racemic cum- 
phoroxime, above 103°, crystallizes as a solid solution. When this cools 
to 103° or below, the solid solution becomes a compoimd; the reverse 
change takes place upon reheating to 103°. 

The foregoing discus^n outlines the solubility relationships of the 
active forms and the racemic mixtures and compounds. In order to dis- 
tinguisb between a racemic mbeture and a racemic compound it is only 
ueeessaiy add a crystal of the pure d- or Worm to a saturated solution 
gi th» modification at the proper temperature. In the case of 
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the racemic mixture, the crystal does not dissolve, since the solid phase 
of a racemic mixture contains crystals of the d- and Worms. Hence, the 
solution remains optically inactive. However, the addition of crystals 
of either isomer to a saturated solution of a racemic compound results in 
the presence of a new solid phase. The crystal dissolves and the super¬ 
natant liquid becomes optically active. 

If this solubility test is applied to a saturated solution of a racemic 
solid solution the same results are obtained as if a racemic mixture were 
used. This method, therefore, does not distinguish between racemic 
mixtures and racemic solid solutions. 

In addition io the two methods just described Bruni developed a 
third procedure which involves a study of the eutectica of mixtures of 
the two active forms with a third inert substance. This method can be 
illustrated by Adriani’s study of camphoroxime. The melting- 
point curve of mixturt^s of the pure d-oxime with naphthalene was first 
studied in order to determine the composition of the eutectic. Various 
mixtures of d- and Z-carnphoroxime were then made up and added to 
naphthalene in the same proportion as in the eutectic mixture of the 
pure cZ-form and naphthalene. The freezing-point curves of these mix¬ 
tures were determined and a plot of the data obtained is shown in 
Fig. 22. Figures 23, 24, and 25 show the data obtained when phenan- 




lOOtci IQOU lOQid loou 

Fio. 22 Fig. 23 Fig. 24 Fig. 26 

threne, benzoin, and anthracene were used in place of naphthalene. 
The curves indicate that between 60 and 90° dZ-cajnphoroxime exists 
£us a rac.emic compound, but at 106° as a racemic solid solution. 

Existence of a Racemic Compound in the Liquid State. While many 
experiments have been performed in attempts to establish the existence 
of liquid racemic compounds, the only satisfactory evidence is that ob¬ 
tained from diagrams such as those of Figs. 17 and 18. The flatness 
of the freezing-point curve at its maximum is an approximate measure of 
the degree of dissociation of the racemic compound at its freezing point. 
By means of this fact, Ross and Somerville ** showed that racemic cam- 

Bruni, AUi. accad, Lineei, [6] 8 I, 332 (1899); Gatz. chim. itol., SO, 35 (1900). 
•“Adriftni, Z. phyaik. 36, 168 (1901). 

Rom and SomerviU©, J, CA*m. Soc<j 2770 (1926). 
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phoric acid dissociated upon melting to the extent of about 12 per cent, 
and, similarly, racemic methyl hydrogen camphorate about 18 per cent. 
On the other hand, for temperatures above their freezing point, liquid 
racemic substances alwa 3 rs behave as mixtures. 

3. Resolution of Racemic Modifications 

The fact that optical antipodes have the same physical properties, 
with the exception of the effect on polarized light, means that special 
methods must be used in order to separate them. It was Pasteur who 
accomplished the first separation of the optical forms from a racemic 
modification and developed many of the procedures for resolution. 

(a) Mechanical Separation of Crystals. When a racemic modi¬ 
fication is allowed to crystallize from a solution under conditions which 
permit the separation of a racemic mixture then the solid phase consists 
of two kinds of crystals, one of which is composed of the dexlro and the 
other of the leva isomer. If these crystals possess hemihedral facets 
which permit them to be distinguished from each other, then they may 
be separated by means of a pair of tweezers and a hand lens. It was 
in this manner that Pasteur “ in 1848 separated the d~ and Worms of 
sodium ammonium tartrate, the crystal forms of which are shown in 
Figs. 14 and 15 (p. 249). 

This method has found useful application in only a few instances. 
It cannot be used to resolve racemic compounds or solid solutions which 
do not possess convenient transition temperatures permitting crystal¬ 
lization as racemic mixtures. Also, many racemic crystals do not possess 
the requisite hemihedrism by which they may be distinguished. Even 
where definite hemihedral crystals are possible, considerable skill and 
patience are required to grow suitable crystals. 

(b) Preferential Crystallization Due to Inoculation. A more prac¬ 
tical way of accomplishing a direct separation of the enantiomorphs in a 
racemic mixture is in some way to cause but one of the forma to crystal¬ 
lize from a supersaturated solution of the mixture, leaving the other be¬ 
hind. 

It tms been found that an aqueous solution of raceimc ammonium 
hy<^ogen maiate deposits an initial crop of crystals which are optically 
active and which arc found to consist of three parts of the to 
one part of tlie d-salt. Thus a partial resolution of the dl-malato has 
taken place. Malic acid has been resolved by orystallizatkm of inactive 
^unornum molybdomalate. The {oefercaitial separation of one form 
^^pends on inoculation of a wrp^saturated «<^ion with m active fonn. 

phv,„ pua*, 4«2 
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Lactic acid has been resolved by inoculation of a concentrated solution 
of the zinc ammonium salt with crystals of the active salt. In some 
instances, merely an isomorphous substance may be used as the inocu¬ 
lum. A crystal of i-asparagine when added to a solution of df-sodium 
ammonium tartrate causes pure sodium ammonium d-tartrate to crystal¬ 
lize out first. Some experiments have been reported in which the 
inoculating crystals need not be optically active or even possess an 
asymmetric atom. 

Quite recently Anderson and Hill ^ have observed a spontaneous 
resolution of atropine sulfate (Fig. 26). Repeated crystallization of this 
dt-salt from absolute alcohol yielded the d- and l-hyoscyamine sulfate 

CIL-CH-CHi CHjOH 

I 1 1 

N—CHa CHOH + C,Hb—C—CO iH 

I I I 

CHs-CH-CHa H 

TVopifle Tropic acid 

_CH-CH* ^ CH*OH 

I I I 

N—CHa CHO—C-C—CtH* 

I I I 

-CH-CH* H 

Atropine 

Fia. 26 

with [a]n = zb 20°. The atropine sulfate was prepared by racemi- 
zation of f-hyoscyaminc and also by synthesis from synthetic tropic 
acid and tropine, but the spontaneous resolution occurred with both 
samples. Anderson and Hill attribute the spontaneous resolution to 
inoculation from the atmosphere since the results obtained varied de¬ 
pending on whether or not the crystallizations were carried out in labora¬ 
tories where l-hyoseyaniine had been used in other experiments. 

The di-form of dilactyidiamide,** 

CHr—CH—CONH* 

i 

O 

1 

CHr-CH—CONH* 

IS spontaneously resolved by crystallization from water provided the 
temperature is above 35°. dl-Histidiive monohydrochloride also has 
been resolved spontaneously.” 

“ Aadnnon und Hill, J. Ckem. Sov., 993 (1928). 

M-miM. Compt- Tund.. 2102 (1934). 

** Puaebioaky, Chemutrv * tudwtfry^ 10 (1934). 


CHir 

CHs- 
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It can readily be seen that this method avoids some of the objections 
to the use of the first method. Moreover, a spontaneous crystallization 
of one form can occur even if the racemic modification is a compound 
provided this compound is more soluble than its component enantio- 
morphs. 

(c) Conversion to Diastereoisomers. This method was also orig¬ 
inated by Pasteur and elaborated by other investigators. It has already 
been pointed out that diastereoisomers have different physical proper¬ 
ties; hence, if a racemic modification is combined with some readily 
available optically active reagent, two diastereoisomeric forms result 
which may be separated by fractional crystallization.* After separation, 
the original active group is split off from each of the diastereoisomers 
separately and the d- and Z-forms of the original racemate are obtained. 
As an example, the separation of a racemic acid, represented by dlA. 
may be considered. Combination with an active base (ZB) gives the 
two diastereoisomeric salts: 

dZA -t- 2ZB-4dA ZB -f ZA ZB 

These salts are not enantiomorphic and hence possess different solu¬ 
bilities and may be separated by fractional crystallization from a suit¬ 
able solvent. After separation, the dA-ZB is treated with mineral acids 
or alkalies and the ZB split off leaving the dA form. In a similar way the 
ZA - ZB salt yields the ZA form. 

Racemic bases may be resolved by an optically active acid in an 
analogous manner. 

This general method for obtaining both forms possesses some diffi¬ 
culties in actual practice. Borne of the causes of failure to obtain resolu¬ 
tion of a racemic modification are: 

(a) The salts dA-ZB and ZA ZB may separate as oils which cannot 
be made to crystallize. The only resort then is to try other optically 
active bases until good crystalline salts are obtained. 

(b) The two components may form a “diastereo compoxmd,”t 
dlA‘T&. If the tran-sition temperature at which this compound is 
dissociated into the diastereo mixture, dA-ZB -f ZA-ZB, lies outside 
the temperature range at which crystallization can occur, and if it is 
less soluble than either of its component diastereoisomers, then no 
separation can be effected and the resolution fails. 

* It has recently been reported that diastereoisomers may be separated by fractional 
distUlatioo tiirougb a very effident packed column. See Bailey and Hass, J. Am. Chem. 

8m., im (mi). 

tAtm ktiown as ‘‘partially racemic compound.” The term “partially raoemio” is 
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(c) The two salts, if isomorphous, may form a continuous series of 
solid solutions, from which they cannot be separated. It sometimes 
happens that a portion of one salt separates first, after which the remain¬ 
ing material crystallizes as a solid solution of more or less constant 
composition.* •• 

(d) The two salts may possess such slight differences in solubility 
that the resolution becomes quite tedious. Under such circumstances a 
variation in procedure introduced by Pope and Peachey is frequently 
successful. It consists in neutralizing the inactive base dZB with an 
equimolecular mixture of an active acid, dA, and a mineral acid such as 
hydrochloric acid. Four salts are foimed, dA-lB, dA-dB, ZB hydro¬ 
chloride, and dB hydrochloride. If the dA ZB is the least soluble salt 
it crystallizes first. This disturbs the equilibrium among the salts 
remaining, so that more dA-ZB is formed from the dA dB and ZB 
hydrochloride. This new dA-ZB then separates and the process con¬ 
tinues until most of the ZB has crystallized as dA • ZB, and the dB remains 
in solution as the hydrochloride. This modification fails, however, if 
the two diastereoisomers crystallize as compoimds or solid solutions, 
rather than as mixtures. The hydrochloride of the base must, of course, 
be very soluble. 

(e) When the salt dA • ZB is considerably the less soluble, it is obtained 
pure after but few crj'stallizations, and the dA regenerated from it is 
optically pure. However, the more soluble ZA-ZB remaining in the 
mother liquor is contaminated with a small amount of dA-ZB and is 
difficult to obtain optically pure. In order to do so, it is sometimes 
possible to find another solvent in which the ZA - ZB is the less soluble and 
then, by its use, the pure salt can be separated. Decomposition of 
this salt yields pure ZA. A second method for obtaining pure ZA con¬ 
sists in decomposing the impure salt and combining the resulting impure 
ZA with other active bases until a pair of diastereoisomeric salts is ob¬ 
tained with the reverse solubility relationship: i.e., the ZA-ZB is less 
stiluble than the dA-ZB. By crystallization the former then separates 
in the pure state and the ZA is obtained from it in the optically pure 
condition. 

A third method for obtaining the pure isomer from the more soluble 
salt has been developed by Marckwald;*’ it depends on the fact that 
the salts dA • ZB and ZA -dB, as well as ZA - ZB and dA -dB, are enantiomoi^ 
phic and possess the same solubility. Hence, if the partially resolved 
but impure ZA, obtained as described above, be recombined with the 

* This beluvior is Analogous to the formation of azeotropio jnixturM of litjuids. 

•• Pope and Peachey, J. Chem. Soc., T6, 10C6 (1890). 

» Maickwald, Ber., ». 43 (1806). 
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Optical antipode of the original active base, the enantiomorphic salt, 
lA’dB, is now less soluble than dA-dB and is the first to crystallize 
from the solution. In order to accomplish resolution by Marckwald’s 
method it is necessary to have supplies of both the d- and Worms of the 
resolving base in the optically pure state. Since relatively few such 
pairs are readily available this method has been little used. 

The solubility relationships among optically isomeric salts have been 
investigated by Ingersoll,** who has devised new methods for the com¬ 
plete resolution of racemic acids and bases. The first step in these 
procedures is similar to that already described. For example, a racemic 
base is treated with an active acid and the two salts obtained. 

(iZB + 2dA->ffidA + dB-dA (1) 

When, for example, the salt ZB -dA is the less soluble this salt is recrystal¬ 
lized until pure. Treatment with alkali liberates the pure Z-base. The 
mother liquors containing dB-dA and some ZB dA are likewise treated 
with alkali and the partially resolved base (dB -f- dZB) obtained. New 
procedures were developed to secure the pure d-basc from this mixture. 

When this mixture is treated with an equivalent amount of the 
racemic form of the acid originally used (or any other suitable dZ-acid) 
the ions in the solution may combine in one of two ways as shown by 
equations 2 and 3: 

(dB + dZB) + 2dZA -> dZB dZA 4- dB dA + dB ZA (2) 

(dB -I- dZB) 4- 2dlA -> dZB • dZA 4- dB ■ dZA (3) 

In the instances represented by equation 2 the salt dB • ZA, which is 
enantiomorphic with the ZB-dA of equation 1, may sometimes be the 
least soluble, and, if so, it crystallizes out first. It is purified by recrys- 
tallization, and upon treatment with alkali gives the pure dB and also 
the alkali salt of pure ZA. Thus both active forms of the base and the 
add axe obtained. 

When equation 3 represents the mode of combination, a complete 
resolution of the base (but not of the acid) is possible whenever the 
diastereo compound dB • dZA is less soluble than the racemic salt dZB • dZA. 
Crystallization then yields the dB-dlA salt pure froil^bicb alkali liber¬ 
ates the pure dB and the alkali salt of the racemic acia. 

It is clear, however, that each of these methods depends for its suo- 
oess on a favorable ordOT of the solubility of the isomeric salts involved. 
When, in equation 1, ZB-dA is less soluble than dB-dA, then in the 
aetlts diown by equation 2 the enanriomorphic salt dB-ZA (possessing 

„ *• Intern^ »nd oo-workara, /. Am. Cfusm, Soc., *7, llflS (192S); M, 2264 (1021^ ; M, 
411 (I^) jW. 2128 (1934). 
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the same solubility as IB-dA) is less soluble than dB-dA; but in addi¬ 
tion dB-ZA must be less soluble than the racemic salt dlB-cUA. For 
separation under the conditions represented by equation 3 the diastereo 
compound dB-dlA must be less soluble than the racemic salt dlB-dlA. 
Many cases corresponding to these solubility relationships have been 
studied by IngersoU and his students. 

It is evident that the resolution of racemic acids and bases described 
in the above paragraphs is merely one special example of diastereoisomer 
formation. Racemic compounds which do not have functional groups 
capable of salt formation may be converted to diastereoisomeric deriva¬ 
tives by reaction with any suitable optically active reagent. Such a re¬ 
agent should have the following properties; 

1. It should be readily obtainable from easily available starting 
materials. 

2. It should react with the racemic modification in but one way. 
Thus a dibasic acid, which can form both normal and acid salts, is not so 
useful a resoUing agent as a monobasic acid. 

3. It must fom compounds with the racemic modification stable 
enough to resist dissociation or decomposition on recrystallization, yet 
easily split after separation, by methods not drastic enough to cause 
racemization, 

4. Its diastereoisomeric derivative must be crystallizable and less 
soluble than any of its components. 

5. It should have a high rotatory power in order to enable the 
progmss of a resolution to be followed by polarimetric methods. 

6. It should be readily recoverable for repeated use. 

The following summary lists the more important compounds which 
have been used for resolution of racemic modifications. 

1. For resolution of racemic acids the following bases have been used. 

Brucine a-Phenylethylamine 

Cinchonidinc Phenyl oxynaphthyl methylamine 

Cinchonine Quinicline 

Hydroxyhydrindaniine Quinine 

Menthylainine Strychnine 

Morphine \1'-Ephedrine 

The benzimidazole bases formed by the condensation of a lactone of 
a sugar acid with o-phenylenediamine have been found useful for resolv¬ 
ing certain df-acids. By use of the benzimidazole derived from D-gluco- 
D-guloheptolactone excellent yields of I-tartaric acid may be obtained 
from racemic acid.** 

** and Hudson, ibid,, ftl, 1266 (^3d). 
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2. The following compounds have been used for the resolution of 
racemic bases. 


a-Bromocamphor-ir-sulfoiiic acid 

Camphoric acid 

Camphor-lO-sulfonic acid 

Helicin 

Malic acid 

Mandelic acid 


Menthoxyacctic acid 
Oxymethylene camphor 
Quinic acid 
Tartaric acid 

2,2'-Dinitro-6,6'-diphenic acid 
Diacetyl tartaric acid 


3. Racemic alcohols are usually first converted to hydrogen phthalate 
or hydrogen succinate esters by interaction with phthalic or succinic 
anhydrides. The acid esters are then resolved in the usual way with an 
optically active base. From the resolved esters the active alcohols are 
obtained by saponification. Esters of tartranilic acid have also been used 
for resolving alcohols.® 

1-Menthyl isocyanate and Z-menthoxyacetyl chloride are also useful 
resolving agents for alcohols and phenols. 

4. Racemic aldehydes and ketones may be resolved by combination 
with ^-menthylhydrazine, d-isoamylhydrazine, i-menthylsemicarbazide, 
or d-a-pbenylethyLsemicarbazide. 

In the case of sugars, d-amyl mercaptan has been employed. 

5. a-Amino acids are usually resolved through their acyl derivatives. 
Menthoxyacetyl chloride forms an acyl derivative which consists of a 
mixture of diastereoisomeric forms. 

6. Hydrocarbons may be partially resolved by means of their addi¬ 
tion compounds with desoxycholic acid. 

(d) Kinetic Method of Resolution. Marckwald and McKenzie’* 
have shown that 1-raenthol reacts faster with d-mandelic acid than with 
f-mandelic acid. Hence, if df-mandelic acid is estcrified (equation 4) 
with a quantity of i-menthol insufficient to react with all the acid present 
the product consists to a large extent of 1-mentbyl d-mandelate. If 
equivalent amounts are used the esterification roust be interrupted 
before the process is complete. The two products of the esterification 
reaction are diastereoisomers and are produced in unequal amounts 
under the conditions used. One reason suggested for the inequality in 
amounts is the fact that esterification probably involves the formation 
of the intermediate addition compound shown in the brackets. The 
active l-menthol adds to the carbonyl group of the d- and l-mandeUc 
aods at different rates because of the different steric influence of the 

•• Barrow and Atkinson, J. Chem. Soc., 63S (1939). . m , n u 

n M«rckl(»ld and MeKeniie. B«r., SS, 2130 (1899); Marckwald and Paul, Bar., W, 

am 
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groups present. The sensitivity of addition reactions to steric effects 
of groups has been well established. 


T ^ 

C,Hr-C—G-OH + ' 


CH, 


CH(CH.). 


dt 



CH. 

OH OH 

c.H.—d:—o-^ 

H in CH(CH,), 

dl (Large amount) 

U (Small amount) 

CH, 


HjO C^Hr 


k 


CH(CH,). (4) 

dl amount) 

11 (Small amount) 


Two diastereoisomeric esters composed, for example, of f-acid-f- 
alcohol and d-acid-i-alcohol have also been found to undergo hydrolysis 
at different rates. Hence if the hydroly.sis of a mixture of two .such esters 
is interrupUKl before it is eomplete, a prtKiominance of one isomer is 
found and thus constitutes a partial .separation. 

Of theoretical interest in connection with he-terogeneous catalysis is 
the observation of Schwab and Rudolph ^ that in the catalytic dehydra^ 
tion of di-2-butanol over active quartz the unchanged alcohol was found 
to be optically active. Apparently the active quartz e.xhibited a selec¬ 
tive adsorption for the d- or l-forms of the 2-butanol. 

Powdered d- and l-quartz have also been found to exert a selective 
adsorptive action on the enantiomorphic forms of certain complex 
cobalt compounds.^’ The resolutions obtained were not complete 
but the method may .serve as a means of determining the resoh^ability 
of compounds. Hcndcreon and Rule ^ resolved di-p-phenylene-his- 
iminocamphor by allowing a petroleum ether-benzene solution to flow 
down a Tsw^etl column packed xvith lactose. Partial resolution occurred 
during each passage, and the process had to be repeated many times in 
order to effect resolution. 

(e) Equilibrium Method of Resolution. If the d- and Worms 
constituting a racemic form are readily interconvertible (i.e., racemize 
eaaly), then reaction of such a dl-form with an active compound may 
result in unequal amounts of the diastereoisomers even though the reac- 


» Schwab and Rudolph, Naturwissmecha/Un, *0, 363 (.1932). 

w Taiwhida, Kobayashi. and Nakamura, J. Chem. Soc. Japan, 56, 1339 (1935): BuH 
rniAm Soc Javan, 11, 38 (1936); Karaeunia and Coumouloa, Nature, 141, 162 (1938). 

and kule, Natu;*. 141. 917 (1938); J. Chem. Soc., 1668 (1939). 
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tion is allowed to run to completion. That is, the equilibrium con¬ 
centrations of the diastereoisomera are different.” For example, 
McKenzie *• prepared the 1-menthyl esters of d-, 1-, and d/-a-chloro- 
phenylacetic acids. Treatment of each of these esters with a trace of 
alkali in absolute alcohol solution led to the production of the diastereo- 
isomeric esters in 67 per cent and 43 per cent yields respectively at 
equilibrium. The following diagram summarizes the changes involved. 


*Z I 

QHjCHClCOjCuHi, 

,d I 

CtHsCHClCOjCioHi* 

I 

50% CsHsCHClCOjCioHjs 
,d I 

50% CsHsCHCICOiCioHis 


,l I 

57% C,H6CHC1C02C,dH„ 
,d I 

43% C,H6CHC1C02C,oHw 


It is evident that some interconversion of the d- and ^-configurations 
about the asymmetric carbon atom marked with the asterisk must have 
taken place in order to account for the composition of the final equi¬ 
librium mixture. Recent studies on such transformations have been 
made by Jamison and Turner.*^ 

The inequality in amounts of the two diastcrooisomers may be so 
great that only one form can be isolated. The relative solubility of the 
diastereoisomers is a very important factor and assists in shifting the 
equilibrium. For example, Leuchs ** in resolving the two compounds 
(Fig. 27 and Fig. 28) by brucine and strychnine obtained only the d-fonns 


H 



even thought the solution of the salts was evaporated to dryness. Ashley 
and Shriner*• obtained only the d-form of the compound shown in Fig. 29. 

•* Kina, Ann Reptt. Chem. Sac. (London), SO, 261 (1933) 

** McKeiuue and Smith, Bar., SS, 800 (1028). 

w Jamisott and IVner, J. Chm- Sac., 1954 (1037); 1646 (1038); 264 (1940). 

»• JBer., 64, aiO (1921). 

f*A|ld*y Shriner, J. Am. Qhmn. Soc., 64, 4410 (1032). 
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The biphenyl (Fig. 30), of which merely the Worm was obtained, is one 
of several biphenyl derivative.s isolated in only one form by Adams ■** 
and his students. 

CiH, 

CjHs—SO 2—i—CO 2 H 


Fia. 29 Fra. 30 

It is important to note the differences between the two methods of 
resolution just described. In the kinetic method it is necessary to limit 
the amount of the active compound used or to stop the reaction at a 
given time bK!fore the reactions are complete. No interconversion of the 
d- and /-forms is necessarily iuvolv'ed. In the equilibrium method inter- 
conversion of d- and /-forms takes place, equivalent amounts of reactants 
may be used, and the reactions are allowed to proceed until equilibrium 
is established. 

(f) Biochemical Processes. It has been found that, if a dilute 
solution of a racemic compound is made to sen'e as a medium in which 
bacteria, yeasts, or molds are grown, certain microorganisms tend to 
destroy one isomer more rapidly than the other. By filtration of the 
solution through a Chamberlaud filter and concentration, the unattacked 
isomer may be obtained. This method was originated by Pasteur 
who found that the organism PeniciUium glaucum destroyed d-am- 
monium tartrat./! more rapidly than the /-ammonium tartrate in a dilute 
solution of c//-ammonium tartrate. 

It has been found that thi.s same preferential attack upon one of the 
isomers in a racemic modification occurs in higher organisms. Thus a 
salt of dZ-mahe acid injected subcutaneously in the rabbit gives rise to 
d-malate in the urine; .similarls", when sodium <//-phenyl-TM3xybutyrate 
is given to a dog, the urine contains more of the /- than of the d-iaomer.** 

The living organism is not necessary to obtain this differential 
destruction of one fonn since enzymes will accomplish the same effect. 
For example, the enzyme emulsin acts on synthetic d/-mandelonitrile to 
destroy the d-form more rapidly than the /-form. Apparently, since 
the enzyme itself is optically active, the phenomenon is similar to that 
involved in method (c) and (d) or in both. 

“ Chien and Adains. ibid., 6S, 1787 (1934). 

Pastour, Cowpt. rend., 46. C15 (1R58); #1, 298 (1860). 

« Tomita, BwtMm. Z., W, 231 (1921). 

** Thierfelder and Schempp, jireft. 1®7, ^0 (19X7). 
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These biochemical methods, though of great physiological impor¬ 
tance, obviously possess certain limitations from the practical standpoint 
of obtaining both d- and Worms. Dilute solutions must be employed; 
hence the amounts which can be obtained are limited. It is necessary 
to find microorganisms or enzymes which destroy the d-form in one case 
and the Z-form in another in order to secure both antipodes, and then at 
most only half the material is obtainable in an active state. Unlike 
method (c) and its variations, this method therefore finds little use. 


4. Interconversion of Enantiomorphs. The 
Walden Inversion 


The conversion of a dextro compound into its leva isomeride may be 
accomplished by means of a sequence of reactions which result in the 
exchange of two groups. An example of such an interconversion of 
optical isomers is Fischer’s transformation “ of the dextro form of the 
half amide of isopropylmalonic acid into its leva isomer, which has 
already been discussed (p. 226). 

Another method of interconversion was discovered as the result of 
studies of the reactions of optically active compounds. The replacement 
of a group directly attached to an asymmetric carbon atom, such as a in 
Fig. 1, by a different group, x, may take place with no change in the 


b 



d 

Fiq. 1 



Fw. 2 


b 



d 

Fiq. 3 


configuration of the groups about the asymmetric carbon atom. This 
leads to the formation of a compound represented by Fig. 2. However, 
it is known that in many reactions a change in configuration occurs and 
the product is the enantiomorph, Rg. 3. This phenomenon is known as 
the Walden inversion, since it was discovered by Paul Walden" in 1893. 

As one illustration of these inveraions, the following cycle of reac¬ 
tions may be considered. 

and Brauns, Ber., tH, 8181 ( 1914 ). 

" Waldwi, Ber., M, 210 (1898> i *t, 188 (1896). 
f Af* Walden, Rer.. SS, 1865 (iSM); '‘Sahs, Acids, w>d Bases; Electrolytes: Stereoobem- 
JHflOrfwdiill Book Co., New York (1929). 
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CO,H 

I 

CHCl 


KOH 



CHsCOiH PCI, 
I>Chloroftuccinio acid 

I AgiO 


COiH 

1 

CHOH 

I 

CH2CO2H 

i-Malic acid 


PCU 


CO,H 

1 

CHOH 

I 

CH2C02H 

d'Mali.. acid 
I Ag,0 
CO 2 H 

i 

CHCl 


KOH 


CH2CO2H 

d>ChloroBUCcime acid 


Examination of the above cycle of transformations shows that 
Z-aspartic acid produces Z-malic acid by the direct action of nitrous 
anhydride, but that successive action of nitrosyl chloride and potassium 
hydroxide results in rf-malic acid. This cycle of reactions also enables 
Z-malic acid to be transformed into d-malic acid (and vice versa) by either 
of two routes. Likewise, Z-chlorosuccinic acid and cZ-chlorosuccinic acid 
may be interconverted. Thus, by the choice of the proper sequence of 
reactions, using selected inorganic reagents, it is possible to convert a 
dextro compound into its leva isomer (and vice versa) without its passing 
through the racemic form. 

Since the actual observed rotation does not reveal whether the result¬ 
ing molecule has the same or a different configuration, it is impossible 
to state the exact steps in the cycle in which the inversion 


occurs. 

The contrast between the Walden inversion and racemization lies in 
the fact that in racemization only 50 per cent of the starting isomer is 
converted info its mirror image, and the product is racemic. Resolution 
is necessary in order to obtain the optical enantiomorph of the original. 
Since the Walden inversion produces the optically active enantiomorph, 
however, no resolution is necessary. In many cases, the conversion is 
nearly quantitative, and hence this method of interconverting optical 
isomers is sometimes useful for the preparation of certain optically active 
forms. The process, however, has its limitations in that it occurs onl^ 
when a growp directly attached to an asymmetric ccahan atom is replaced. 
Moreover, partial racemization during the reactions may cause difficulty 
in isolating the p\ire optical isomer. 

The investigations which have been conducted on the Waldea mver- 
sion have shown that there are numerous factms which detennine 
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whether or not aa inversion will occur. Some of these factors are dis¬ 
cussed below. 

(a) Nature of the Reagent. The particular reagent chosen to effect 
a reaction exerts a predominating influence on the configuration of the 
product. This is illustrated in the reactions given above. It is evident 
that potassium hydroxide and silver oxide react in a different manner 
with the d- or f-chlorosuccinic acid. 

(b) Nature of the Solvent.^^ The action of ammonia on f-a-bromo- 
phenylacetic acid produces either the d- or 1-amino acid, according to 


NHs 


Br 

I 

(l)C*H,CHCOjH -h NH, —j 


HgO or 


CiHsOH 

CHaCN or 
liquid NHs 


(d)C«HsCHC02H 

NHs 

I 

(l)C,HsCHCOsH 


whether the reaction is carried out in water, alcohol, acetonitrile, or 
liquid ammonia. 

(c) Nature of the Compound. Fischer** showed that the action of 
nitrosyl bromide on d-alanine produced l-a-bromopropionic a(;id, whereas 
the ethyl ester of d-alanine with the same reagent gave the ethyl d-a- 
bromopropionate. The latter hydrolyzed to d-a-bromopropionic acid. 
Thus, an inversion takes place in the case of the free acid, but does not 
when the ester is used. The cycle of changes which relate the isomeric 
forms of alanine, a-bromopropionic acid, and their e.sters is summarized 
in the following scheme. 

NH* NH, Br 

(d)CH,CHCO,C*H, (d)CH,CHC02H (l)CH,CHCO*H 

I -r I 

WOBr T NH, I NH, 

Br Br NH* 

(dlCHi'HCOjCtHt (dlCHaCHCOaH < (1)CH,CHC0»H 

(d) Temperature. Holmberg** determined the optical rotations of 
the xanthogensuccinic acid produced when the following reaction was 

8 8 

BrCHCOjK i| || 

(f) I + K&-C—OCjHi -» CiHeOC—SCHCOiK 

CHjCOjK I 

CHsCOsK 

• and other*, J. Chem. 107. S38 (1616): 109, 1091 (1916); 1». 140, 161 
. Sm (1924): 1S7. 1S47 (1926). 

IT, Aw., 40, 489, 602,1082 (19^ ; FlwAer and Schoeller, Ann., 867, 11 (1907) 
Jter.. *7, 167 (1914). 
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carried out at different temperatures. The rotations obtained were: 


Tumferatusb 

0 ° 

12 

25 

40 


Specific Rotation 
+ 30 . 6 “ 

+ 8.3 
- 13.8 
- 40.1 


It is evident that, in this reaction, temperature is an important 
factor in determining whether or not a Walden inversion takes place. 

(e) Absolute Configuration. The prefixes d- and J- in the preceding 
and following discussion indicate the direction of rotation only and do 
not supply any information about the absolute configuration of the 
compounds. It should be clearly understood that a mere change in 
direction of rotation is not proof that an inversion has taken place. 
However, if an optically active compound is converted by means of 
selected reagents into the d- and Worms of a new compound, or if a 
complete cycle of changes of a pair of optical isomers has been worked 
out, it is clear that an inversion must have taken place during one of the 
reactions. 

In order to establish the exact step in which an inversion has occurred 
it is desirable to have some absolute method of establishing the configura¬ 
tion of each molecule independent of the reaction or observed rotation. 
This problem has been attacked by Boys/” who has developed an equa¬ 
tion for calculating the magnitude of rotation as well as its direction for a' 
simple molecule containing one asymmetric carbon atom attached to 
four different simple groups. The equation is: 


116.62(n’ + 2)(ri^ + o) Ra -RB-Rc-Ro-il -i- F)ia — b) 1 

1 _ (g - c)(o - d){b - c)(b - d)(c - d)! 

[“J “ 'K^-M-{a + b + c+dy* 

where n = refractive index of medium in which rotation is measured. 
Ra, Rbi Rc, £“1^ Rd = refractivities of the groups A, B, C, and D 
as determined from Eisenlohr’s tables. 
a, b,c,d = radii of the groups in .Ingstrom units, 
f ■= a function of a, b, c, and d. 

X <= wavelength of light used, 

M •= molecular weight. 


Thus, the specific rotation at a chosen wavelength is calculated from 
data on the radii of the four groups, molecular wdght, and refractivities 

** Proc. Roif. Soe. (London), [A] 144, 665, 676 (1934). 
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The values calculated for simple compounds are of the same order of 
magnitude as those observed. For example: 


CHjCHOHCjHs 

ai> CalcD. 
9.3“ 

/Id Observbd 
13.9 

CHsCHNHsC*H» 

7.4 

7.4 

CHjCHCsHt 

4.0 

6.9 

j 

CHjOH 



CHiCHCsH* 

3.6 

6.8 

1 

CHiNH* 




The relative radii of the groups A, B,C, and D can be used with this 
equation to establish a relationship between the direction of rotation and 
spatial distribution. The value of [a] will be positive when the differ¬ 
ence factors, i.e., (a — b), (a — c) • • • etc., in the above equation are ix)si- 
tive: this means that A > B > C > D. The rule stated by Boys is that 
a dextro compound has a configuration such that, when the largest group 
is nearest the observer, the other groups are arranged in order of dimin¬ 
ishing size in a clockwise direction. 

Thus, in a molecule Cabcd, if is the largest group and B > C > D 
the dextro model would be that shovra in Fig. 4, and the Uvo model would 
be that shown in Fig. 5. 



dextro 
Fig 4 



A 


levo 
Fio. S 


This empirical calculation of Boys has certain limitations but does 
offer a start in establi^ing configurations by measurement of radii of 
groups and their refractivities. It has not been widely used, and further 
work is necessary to establish its validity. 

(f) Dispersioa. A second method for the correlation-of 

«f||e|N^|lGre imd optical activity counts in studying the rotatory dispersion 
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of large numbers of closely related compounds. This has been done by 
Kuhn,‘‘ Pickard and Kenyon,“ and especially by Levene “ and his co¬ 
workers. Data have been obtained on a large number of compounds 
with the general formula: 



where i, y, and z = 0, 1, 2, 3, etc. 

R' = a, functional group such as —OH, —X, —COOH, 
—NHa, —CN. 

R" = CH3, C3H7. CeHs, CeHu. 

All the compounds studied possess only one asymmetric carbon atom, 
and their rotatory dispersion cur\'es have been measured over a range 
sufficiently large to permit an estimation of the partial rotations con¬ 
tributed by the groups attached to the. asymmetric carbon atom. 

The optical rotation of the molecule as a whole is the algebraic sum 
of the partial rotations of each of the four substituents. Thus by 
synthesizing a considerable number of the members of each of the 
homologous series represented by the above general formula and analyz¬ 
ing the rotatory dispersion curves it has been possible to relate the con¬ 
figurations of these molecules with their direction of rotation. From the 
data on optical rotations of related compounds Marker ^ has suggested 
an empirical method for predicting the configuration of optically active 
compounds. 

(g) Mechanism. A third method for relating configuration with 
direction of rotation consists in obtaining some precise information con¬ 
cerning the mechanisms of reactions, particularly substitution reactions. 
During the past five years a considerable amount of fairly reliable 
information on certain of these points has been established. 

Kuhn and Boin, Z. phynk. Chem., BaS, 406 (1933) ; Kuhn, ibid,, B31, 23 (1036) ; 
Kuhn and Biller, ibid., BM, 1 (1935). 

" Pickard and Kenyon, J. Chrm. Soc., •#, 46 (1911); 106, S30 (1014); Kenyon and 
Barnes, tind.. 196. 1395 (1924). 

“ Levene and oo-workere, J. Biol, Cham. (1924-1936); Lev^ie and Bothen, J. Org. 
Chem,, 1, 76 (1937). See Oilman, "Organic Cbomiatry," John "Wiley and Sons, New York 
(1938), let Edition, "VoL II, p. 1803 ff. 

** Marker. J. Am. Chem. Sue.. 68. 976 (1936). 
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Various mechanisms h^ve been advanced to explain how an inver¬ 
sion of configuration can take place in some reactions but not in others. 

1. According to the earlier investigators “ complex addition com¬ 
pounds were produced. The position taken by a substituting group 
depended on the direction of the residual valencies of the asymmetric 
carbon atom and the nature of the displaced group. 

2. Rbrdam has assumed that, after one of the radicals has been 
removed from the asymmetric carbon atom, the position taken by the 
entering group depends on the phase of oscillation of the three radicals 
remaining. The form which has the same configuration as the original 
is the one whose proportion increases as the concentration of tlie reagent 
increases. 

3. The px)ssibility that the replacement of a group involves a pre¬ 
liminary or incipient ionization process induced by the reagents or 
solvents has been considered by a niunbcr of workers.®’ The phenom¬ 
enon of the Walden inversion Ls very clo.sely connected with the mech¬ 
anism of substitution reactions in general, and intensive investigations 
are now being carried out in order to establish the unimolecular, bimolec- 
ular, or pwlymolecular character of solvolytic reactions which involve 
replacement.*® Excellent reviews of this subject have been contributed 
by Watson ®* and by Hammett.'® 

4. An acceptable mechanism for the Walden inversion not only 
must show how the configuration of the asymmetric carbon atom is 
inverted but also must provide a reasonable explanation as to why 
racemization is not the exclusive process. One of the best solutions of this 
enigma is the suggestion of G. N. Lewis that a substitution reaction 
takes place by simulta?ie<ms addition of one group and removal of the 
other. This idea has been elaborated by Olson,® who has made the 
suggestion, supported by exjjerimental evidence,® that a one-step sub- 


“ Fischer, Ann., 881, 123 (1911); Werner, Btr., 44. 873 (1911); Pfeiffer, Ann., 383, 123 
(1911); Frasldand, J. Ckem. Soc., 103, 713 (1913): Meisenbeiiner, .4nn., 456, 126 (1927). 

“ ROrdsffi, J. Chem. Soc., 2447 (1928); 1282 (1929); 2017 (1930); Levene and Walti, 
J. Biol. Chetn., 73, 263 (1927); Levene and Rothen, ibid., 81, 369 (1929). 

Lowry, Deuxifenie Conaeil de Chimie Solvay, 1926, p. 174; Kenyon and Phillips, 
Trans. Faraday See., S6, 451 (1930) : Infold st al., J. Chem, Soc., 236 (1936) : ibid., 1106, 
1201, 1208,1262 (1937). 

•• Btiegimn and Hammett, J. Am. Chem. Soc., W, 2636 (1937); Farinacoi and Hammett, 
ibid., 69, 2842 (1937); Olson and Halford, iWd., 89, 2644 (1937); Taylor, J. Chem. Soc.. 
1883 (1037); Barttett, J. Am. Chem. Soc., 31, 1630 (1939); W'instein, ibid., 61, 1636 (1930). 

“Watson, Ann. Bepts. Chem. Soc. CLondort), 36, 208 (1938). 


•• Hammett, “Phyaieal Orgaiuc Chemistry," McGraw-Hill Book Co., New York (1940). 
“ “Valence and the Structure of Atoms and Molecules," Chemic^ Catalog Co., 

i«M¥«i!>(t«23),p. 113. 

. f*«»soa, J. Chem. Phyt., 1, 418 <1933). 
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stitution reaction leads to inversion of configuration. As an example to 
illustrate this simultaneous or synchronous mechanism of substitution, 
one of the possible modes* of the action of hydrobromic acid on d- 
octanol-2 may be considered. 

The alcohol is shown in Fig. 6, in which the asymmetric carbon atom 
is represented by the tetrahedron. The alcohol probably forms the 
oxonium salt with the proton, and the bromide ion then approaches 
the face of the tetrahedron opposite to the apex at which the hydroxyl 
was attached, Fig. 7. This particular mode of approach is determined 




by the character of the hydroxjd group, and calculations have shown 
that such orientation of the reactants constitutes a unique path for the 
entering group because this requires less energy than would be necessary 
for approach in any other direction. At the instant the bromide ion 
occupies the proper position for the formation of a new tetrahedron, the 
molecule of w'ater is expelled and the kernel of the asymmetric carbon 
atom shifts its position, establishing the new tetrahedron as shown in 
Fig. 8. The molecule is turned inside out like an umbrella in a strong 
wind. A comparison of the model of Fig. 8 with that of Fig. 6 shows that 

* There are also other meohanisms for the reaction between alcohols and halogen adds 
see Hammett, Ref. 60. 

Pauling, ib-td., 53. 1867 (1931); Slater. Pfeys. Rm., 37. 481 (1931). 
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the bromine does not occupy the same position as the hydroxyl group 
and that an inversion in configuration has occurred. 

It is not necessary that the reagent be ionic. For example, the same 
mechanism applies to the conversion of d-a-phenylethyl chloride (Fig. 9) 
by ammonia in a non-polar solvent via the oriented approach shown in 
Fig. 10, into the hydrochloride of i-a-phenylethylamine (Fig. 11). An 
inversion in configuration has thus taken place. 



CeHj 

Fio.ll 


If an optically active iodide such as f-2-iodo6ctane is treated with 
sodium iodide in acetone solution it is found that racemization takes 


CH, CH, 



place. The iodide ion has reacted by approaching the face opposite the 
iodo group to produce <i-2-iodo6ctane, and at equilibrium the racemic 
ipodificatiQn results. By using sodium iodide containing the radioactive 
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isotope of iodine the rate of exchange of halogen may be determined for 
the reaction. 



Measurements of the intensities of radioactivity of the alkyl halide or 
sodium iodide are made at definite time intervals. At the same time the 
velocity of racemization is followed polariraetrically, and it was found 
that the rates of exchange and of racemization were equivalent within 
experimental error. Similar experiments on a-phenylethyl bromide 
and a-bromopropionic acid gave analogous results and established the 
fact that inversion occurs when a halide ion displaces another group 
which forms an anion. Meer and Polanyi ** have also contributed evi¬ 
dence on these anionic replacement reactions; they further point out that 
attack of a molecule by a cation would probably not lead to inversion 
although such reactions have not been thoroughly characterized as yet. 
Further proof of this rearward attack by anionic reagents has been 
obtained by a study of the compounds shown in Figs. 12, 13, 14, and 15. 




Fig. 12 


Fig. 13 


NOa 




Fig. 15 


•* Hushes, Juliusburger, MaBterman, Topley, and Weiss, I. Chem. Soc., 1625 (1035). 
•• Hughes, Juliusburger, Soott, Topley, and Weiss, ibid., 1*73 (1936). 

” Cowdrey, Hughes, NeveU, and Wilson, ibid., 209 (1938). 

“ Meer and Polanyi, Z. physik. Chem., Bit, 164 (1032): Polanyi, ‘‘At<anio Reantioiis,’' 
WiUisms & Norgate, Ltd., London (1932), p. 63. 
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The starred carbon atom in these molecules has the tetrahedral face 
opposite the functional group inside a cage of carbon atoms and hence is 
inaccessible to the approach of any reagent. Therefore, anionic replace¬ 
ment by the mechanism described above is impossible. It was actually 
found by Bartlett and Knox *• that the tertiary alcohol apocamphanol-1 
(Fig. 13) was not oxidized by dichromate, not dehydrated or rearranged 
by concentrated sulfuric acid, and could not be converted to the chloride 
(Fig. 14) by the action of phosphorus pentachloride or thionyl chloride. 
The chlorine in l-chloroapocamphane (Fig. 14), prepared by the action 
of nitrosyl chloride on the amine (Fig. 12), could not be removed by 
boiling alcoholic sodium ethoxide or silver nitrate. The p-toluencsulfo- 
nate (Fig. 15) was imaffected by boiling with an acetone solution of 
lithium iodide. Thus, all attempts to replace the hydroxyl or chloro 
group by anionic reagents failed. It is inferred that the replacement 
reactions of the amino group by hydroxyl with nitrous acid, and by 
chlorine with nitrosyl chloride, must occur by mechanisms not involving 
the rearward anionic mechanism. Bartlett and Cohen have also 
demonstrated that the bromine in the molecule represented by Fig. 16 
is quite inert whereas that in 9-bromo-9-methylfluorene (Fig. 17) is quite 
reactive. 



The optically active esters of the sulfonic acids constitute a class of 
compounds especially suited for determining the effect of anion exchange 
on optical activity. Phillips, Kenyon,” and their co-workers, by treat¬ 
ment of an optically active ester of a sulfonic acid with ionic reagents 
such as potassium acetate, demonstrated that the sulfonate radical may 
be replaced by another anion. Ammonia and primary and secondary 

R R 

ESOiO:C;R' + [CH,COO:]-K+ CH,COO:C:R' + [RS020:]-K+ 

•• • • 

H H 

** Bartlett and Knox, J. Am. Chem. Soe., 61, 3184 (1939) 

BarUett and Cohen, ibid., 6S, 1183 (1940). 

” PbUlipa, J. CKem. Soe,, US, 44 (1923); Kenyon, Phillips, and Turtey, ibid., U7, 399 
(1026); PlnBips, ibid., UT, 26S3 (192S); Kenyon and Phillips, tbid., 1076 (1930); Trans. 
faradau Soe., S6, 401 (1930); Kei^n, PhilUpe, and Pittman, J. Chem. Soc., 1072 (1936); 
Weegm, pys^ and Shntt, ibid., 1063 (1936D. 
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amines were also found to react with such esters to produce optically 
active amines. Tertiary amines react with optically active alkyl sul¬ 
fonates to produce optically active quaternary ammonium salts.Two 
examples are the following: 



From the above, it will be noted that the dextro ester produces a 
dextro quaternary salt with trimethylamine, but a levo pyridinium salt. 
Also, the levo ester yields lcyo-trimethyl-2-octylammonium-p-bromoben- 
zenesulfonate, but a dextro pyridinium salt. A Walden inversion prob¬ 
ably occurs during at least one of these reactions. The tertiary amine 
approaches the ester in an oriented position, such that the unshared 
pair of electrons at one apex is opposite that face of the asymmetric 
carbon atom which, in turn, is opposite the sulfonate group (Fig. 18). 



The kernel of the carbon atom shifts its position and a new tetrahe¬ 
dron is formed attached to the tetrahedron of the nitrogen atom, thus 
constituting the quaternary ammonium ion and simultaneously the 
sulfonate anion (Fig. 19). If the amine approaches the face indicated, 
then an inversion in configuration takes place. If, however, the amine 

™ Cary, Vitcha, and Shriner, Org. C/wia., 1, 280 (1936). 




276 


ORGANIC CHEMISTRY 


approaches any of the other three faces, the sulfonate ion could be dis¬ 
placed without inversion. Since there is no independent means of 
establishing the configuration of these quaternary salts it is not possible 
to say whether a Walden inversion occurs in both cases. 

By using anionic exchange reactions which lead to inversion, in con¬ 
junction with reactions which do not cause inversion since the reagents 
do not react with a group directly attached to the asymmetric carbon 
atom, Kenyon and Phillips have been able to establish configurational 
relationships of derivatives of octanol-2, a-benzylethyl alcohol,’^ 
a-phenylethyl alcohol,™ ethyl lactate,’* and ethyl i8-hydroxy-/3-phenyl- 
propionate.” The following scheme summarizes one of the general pro¬ 
cedures used in this work. 
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Studies on the mechanism of formation of esters from alcohols ’* have 
established beyond doubt that these reactions do not involve the carbon- 
oxygen link in the alcohol and hence such reactions cannot cause inver- 


’’PhiUipB, J. Chem. Soe., MS, 44 (1923): Houaaa, Kenyon, and Phillips, ibid., 1700 
(1929). 

« PhiBips, ibid., 1*8. 44 (1923). 

Kenyon, Phillips, and Taylor, ibid., 173 (1933). 

** Kenyon, Phillips, and Turley, ibid., U7, 399 (1926). 

Kenyon, Phillips, and Shutt, ibid., 1668 (1936). 

*» Waters, "Physical Aspects trf Organic Chemistry,” D. Van Nostrand Co., New York 
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sion. Hence the <i-acetate and the d-p-toluenesulfonate have the same 
configuration as the d-alcohol from which they are derived. Likewise 
the Z-alcohol, Z-acetate, and Z-p-toluenesulfonate are configurationally 
related. The action of potassium acetate on the p-toluenesulfonates, 
however, involves an anionic exchange and therefore leads to inversion. 
Thus the acetate obtained by this method has the opposite con¬ 
figuration and opposite rotation from that obtained by direct esterifi¬ 
cation. 

If the chloride and acetate ions react with the ester in a similar 
fashion then an inversion also takes place when the d-p-toluenesulfonate 
reacts with lithium chloride and therefore the Z-chloride has a configura¬ 
tion opposite to that of the d-alcohol but the same as that of the Z-alcohol. 
Similar conclusions were drawn from observations on the replacement of 
the sulfinate group. 


R o R O 



R R 


R'—C—H -f- C7H7SO2CI R'—C—H + C7H7SO2CI 

I I 

OH Cl 

I I 

The sulfinic ester has the same configuration as the alcohol from 
which it is derived (at least as far as the asymmetric carbon atom is 
concerned; no information concerning the asymmetric sulfur atom is 
available). The negative hydroxyl ion produces the Z-alcohol, and chlo¬ 
rine the Z-chloride, and both of these are anionic replacements and hence 
involve inversion. 

These investigations of Kenyon and Phillips, therefore, not only 
serve to establish relative configurations but also furnish further evidence 
for inversion in reactions involving anionic exchange. 

Once a series of relative configurations has been established, it is 
possible to use such compounds to establish the behavior of other re¬ 
agents. For example, phosphorus pentachloride or trichloride converts 
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the d-alcohol into the I-chloride. Since the above transformations 
indicate that the Z-chloride has the opposite configuration to the 
(i-alcohol, it follows that these reagents cause inversion. 

A list of relative configurations was drawn up by Frankland in 1913 
on the basis of a purely statistical survey of the reactions recorded in the 
literature on the behavior of various reagents. Recent work has con¬ 
firmed and added to the list. 

Cowdrey, Hughes, Ingold, Masterman, and Scott ““ have summarized 
the configurational relationships between certain groups of compounds. 
These relationships were established by studying the optical effect of 
substitution on an asymmetric carbon atom and paralleling these obser¬ 
vations by kinetic studies and correlating the results with the data 
obtained on the mechanism of substitution reactions in general. A 
summary of the configurationally related compounds follows; 

Z-Octyl Derivatives: d-chloride, d-bromide, d-alcohol, d-etbyl ether, d-acetate. 

a-PhenyUthyl Derivatives: d-chloride, d-bromide, d-aJcohol, d-methyl ether, d-amine. 

a-SvhstUuled Propionic Acids: d-chloro, d-bromo, d-iodo, d-methoxy, 1-hydroxy 
(1-lactio acid). 

et-Suhsiiiuted ^Phenylpropionic Acids: d-chloro, d-bromo> d-hydroxy. 

arSvbstiiuted Phenylacetic Acids: d-chloro, d-bromo, d-methoxy, d-hydroxy 
(d-mandelic acid). 

a-S'id>stituted ot-Phenylpropionic Acids: d-chloro, d-hydroxy. 

fiSvbstituied n-Bviyric Acids: d-chloro, d-hydroxy. 

0-SvbstitiUed p-Phenylpropionic Acids: d-chloro, d-bromo, d-hydroxy. 

Svbstituted Succinic Acids: d-chloro, d-bromp, d-iodo, d-malic, d-malolactonic. 

S-Bvtyl Derivalives: d-hydroxy, d-chloride, d-bromide, d-iodide. 

S-Pentyl Derivatives: d-hydroxy, d-iodide, d-chloride. 

a-Phenyl^Propyl Derivatives: d-hydroxy, d-chloride, d-bromide. 

a,a'-Di»ubsliluted Succinic Esters: d-methyl tartrate, d-ethyl tartrate, d-methyl 
and d-ethyi chloromalate, d-ethyl bromomalate. 

£-Hexyl Derivatives: d-hydroxy, d-chloride. 

S-Nonyl Derivatives: d-hydroxy, d-chloride, d-bromide, d-iodide. 

The reagents may also be classified along with the reactants into 
groups according to whether or not inversion is produced (see p. 279). 

In addition to the results involving anionic attack discussed in the 
foregoing pages, a second type obtaining its driving force from an attack 
by a cation may also lead to an inversion in configuration. This may 
be illustrated by the alkylation of benzene with d-butanol-2 in the 
presence of boron fluoride,” which yielded about 0.6 per cent I-2-phenyl- 
butane and 99.5 per cent of the dl-modification. 

n Fraalciand, J. Chem. Soe., tOS, 713 (1913). 

Cowdrey, Hughes, Ingold, Masterman, and Scott, ibid., 1262 (1987). 

* Price and Lund, d. Am, Chem. See., M, 3106 (1940); Bufwall and Archer, J, Am. 
mem. Soc„ M, 1032 (1942). 
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I. Invbrsion of Configuration Occurs: 


Reagent 

Reactant 

PCU 

Octanol-2, a-phenylethyl alcohol, ethyl d-hydroxy-^henyl- 
propionate 

PClj + CaHsN 

a-Phenylethyl alcohol, ethyl d-hydroxy-d-phenylpropionate 

POCla 

Octanol-2, a-phenylethyl alcohol 

POCU 

a-Phenylethyl alcohol, methyl mandelate 

PCU or PBrs 

Octanol-2, a-phenylethyl alcohol, lactic acid, ethyl lactate, 
malic acid, methyl malate, mandelic acid, methyl mandelate 

PCU + CsHsN 

Octanol-2, a-phenylethyl alcohol, ethyl lactate 

80CU 

Octanol-2, lactic acid, ethyl lactate, malic acid, ethyl malate 

SOCU + C6H6N 

Octanol-2, a-phenylethyl alcohol, ethyl lactate, ethyl mandelate 

HCl 

Peutanol-2, octanol-2, a-phenylethyl alcohol, a-phenyl-n-propyl 
alcohol 

HBr 

Butanol-2, octanol-2, a-phenylethyl alcohol, a-phenyl-n-propyl 
alcohol 

HI 

Oetanol-2 


II. 

Substitution with Retention op Configuration; 

Reagent 

Reactant 

SOCU 

a-Phenylethyl alcohol, mandelic acid, methyl mandelate 


It has also been shown that an inversion of configuration takes place 
in certain complex compounds of cobalt “ (p. 437) which have an octa¬ 
hedral configuration. Thus, treatment of an aqueous solution of the 
d-ds complex ion of Fig. 20 with a solution of potassium carbonate 
produces the d-carbonato compound of Fig. 21. However, if the d- 
dichloro complex is ground with an excess of solid silver carbonate and a 
RmB.11 amount of water is added, the f-isomer, Fig. 22, is produced. This 
is converted to the Z-dichloro complex. Fig. 23, by alcoholic hydrochloric 
acid. 

The configurations of the complex ions were assigned as the result 
of rotatory dispersion studie.s,*® and hence the inversion is represented as 
taking place in the conversion of the d-dichloro complex (Fig. 20) to the 

>* Bailar and Auten, ibid., S6, 774 (1934) ; BaiUr, Jonelia, and Huffman, ibid., S8, 2224 
(193d); Bailar, Haslam, and Jones, ibid., 68, 2226 (1936); Warner and MoCutoheon, Ber., 
46 , 3284 (1912). 

»»Mathieu, BuU. see. chim., {5] 8. 476 (1936); ibid., [5] 4, 687 (1937). 
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tcsarbonato complex (Fig. 22). It ie not yet certain whether the mechar 
nism suggested for inversions of the tetrahedral carbon atom may be 
applied to the octahedral elements. Careful consideration of the models 
of th^ complex cobalt compounds shows that the d-isomer may be 


'^CH, 


H, 

CH,—Nj 
QH, 


Co 


"N' 

H, 


I 


7NH2 


Cl 


Fig, 20 d-cis 


Alcoholic 

ECl 


KsCO, 

HsO 


H, 

CH,—^Nr 


cm 

H, 


"iNHj 


Co 


0 


O-CO 

Fig. 21 d-cis 


CH* 

cm NH* 






CH* 


CH* 


I Alcoholic 
BCl 



transformed to the i-isomer merely by exchanging the point of attach¬ 
ment of two groups—a structural change paralleling the d- and Worms 
of the asymmetric carbon atom. Hence, it is possible that the configura- 
ticms of these optically active cobalt complexes may be inverted by the 
proper ©lifted approach of the anion followed by establishment of a 
ttew optieal configuration. Examination of the models of these com- 
U |!Kniil<is fdiows that this inversion does not necessitate the formation of a 
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In concluding this summary of investigations on the Walden inversion 
it must be emphasized that experimental conditions play a very impor¬ 
tant and determining role. Future investigations will serve to clarify 
many unsettled points on the mechanism of substitution reactions. 
Kinetic studies on the mechanism of substitution reactions are being 
made in an effort to provide a means of establishing the absolute con¬ 
figurations of optically active molecules. The results of these studies, 
together with the chemical information already at hand, will not only 
provide mechanisms for the Walden inversion with ionic and non-ionic 
reagents but will also markedly advance our knowledge of reaction 
mechanisms in general. 


PART V. POLARIMETRY 

Light. Until about 1900 the electromagnetic wave theory of light 
extensively developed by Maxwell was competent to give a satisfactory 
picture of the behavior of light and radiation phenomena in general. 
This theory was extremely useful in correlating and predicting exactly 
almost all the known facts concerning the interference, polarization, 
refraction, and reflection phenomena exhibited by light. However, 
starting about 1900, and extending up to the present time, a number of 
cxp)erimcntal observations on radiant energy have made it apparent that 
the classical wave theory would have to be modified. 

For example, Planck and Einstein have shown that when light reacts 
with matter it does so as if it were composed of discrete particles known 
as corpuscles or photons. These photons possess an amount of energy 
equal to hv {h = a, universal constant = 6.55 X 10 erg sec. and v = 
frequency), travel with the speed of light (c = 3 X 10‘® cm. per sec.), 
and possess a momentum equal to hv/c g.cm. per sec. This concept of 
the nature of light is necessary to explain photoeffects, black-body radi¬ 
ation, emission of line spectra, the Compton effect of x-rays, and the 
Raman effect. 

It is of interest to point out that experiments have been performed in 
recent years which show that material particles behave, under certain 
conditions, as though they were a wave train. Davisson and Germer, and 
G. P. Thomson, have shown that a stream of electrons exhibits the 
phenomena of interference, diffraction, and refraction just as do ordinary 
light waves. By a study of diffraction patterns the “wavelength” of 
the electrons has been found to be X = A/p (A = Planck’s constant and p 
is the momentum). This equation had been deduced previously by 
de Broglie, and a number of experiments have now i^wn that atoms as 
well as electrons apparently possess the properties assodated with waves. 
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This Interesting duality between waves and corpuscles has caused a 
revision of the classical mechanics and led to the development of the 
new wave mechanics—or quantum mechanics. 

Thus, both light and material particles seem to possess a dual nature. 
As far as light is concerned, although it may be composed of discrete 
units of energy and although the exact path of any one of these photons 
cannot be predicted with certainty, nevertheless the paths followed on 
the average by a large number of them, as in a beam of light, may be 
predicted by the laws governing waves. It is, therefore, still a wave 
theory which predicts and describes exactly the refraction and polariza¬ 
tion effects exhibited by light rays, and this viewpoint will be used in the 
following discussion. 

Ordinary white light may be regarded as a mixture of waves of differ¬ 
ent lengths, the resultant vibrations being at right angles to the direction 
of propagation and the trains of waves making up a beam of light having 
different planes of vibration. By proper choice of the light source or the 
use of suitable filters, light waves of a single wavelength may be ob¬ 
tained. Such light is called monochromatic. 

Plane-Polaiized Light. The waves in a beam of monochromatic 
light vibrate at random. A cross section of such a beam traveling 
perpendicular to the paper is shown in Fig. 1, which indicates that many 



planes of vibration are present. For example, AOE, BOF, COG, DOH 
represent projections of various waves on the paper. By reflection 
vg: refraction it is possible to sift out the component vibrating in a 
liagle ’plahis. Thus, if the above beam of light is passed through a 
w^ch transmits vibrations only along the X'OX-axis, the 
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entire wave represented by AOE cannot pass through, but only the hori¬ 
zontal component represented by OK and OK' will emerge. Similarly, 
for the wave EOF, the horizontal component OL and OL' will pass 
through the polarizer. The light emerging from such a polarizer will, 
therefore, vibrate along X'OX and is said to be •plane polarized. 

The common method for obtaining plane-polarized light consists in 
passing the beam of light through a polarizer called a Nicol prism. This 
prism is made of calcite, a crystalline form of calcium carbonate, which 
possesses the power of causing double refraction. That is, an ordinary 
ray of light entering this calcite crystal is broken into two rays, one of 
which obeys the usual laws of refraction and is called the ordinary ray. 
The other ray, which is not refracted normally, is called the extraor¬ 
dinary ray. The light in each of these rays is found to be plane polar¬ 
ized, and the planes of polarization of the two rays are perpendicular to 
each other. 

The Nicol prism is a device for rejecting one of these rays and trans¬ 
mitting the other. It is constructed by cutting a crystal of calcite 
diagonally and symmetrically through its obtuse comers, polishing the 
cut faces, and cementing them together again with a film of Canada 
balsam or linseed oil. The faces of the rhombohedron are polished so that 
the acute angle Ls 68°. A cross section through .such a prism is shown in 
Fig. 2. The ray of light entering the prism at {A) is broken up into the 


c 

t 



ordinary ray (AB) and the extraordinary ray (AD). The cement be¬ 
tween the two halves has a refractive index slightly less than that of 
calcite for the ordinary ray. The angles at which the prism is cut are 
adjusted so that the ordinary ray is completely reflected at the junction 
of the two halves of the Nicol prism while the extraordinary ray passes 
on through and is plane-polarized light. 

Another device for polarizing light consists of a sheet of transparent 
material such as cellulose acetate in which are embedded large numbers 
of very small birefringent crystals. These crystals must be imiformly 
oriented optically so that the film behaves like a very thin ..single bire¬ 
fringent crystal.* The compounds used are: double salts of the alkaloids 

* S®e Freundlich, Chemiairy A InduatrUt 0&8 (1937), for a rftview of thia suhjoct. 
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sucii Is quiiiine or cinchonine with sulfuric acid, hydriodic acid, and 
iodine; potassium nitrate; potassium dichromate; urea; or complex 
fx>balt salts.* The practical development of these films was made by 
E. H. land,* and the films are known as “Polaroid films.” The films 
may be protected by lamination between two thin sheets of glass. The 
films absorb a considerable percentage (30 to 50 per cent) of light, but 
the transmitted light is said to be 98-99 per cent plane polarized in the 
range 5000 to 7000 A. The Polaroid films have the advantage of furnish¬ 
ing much larger apertures than Nicol prisms. Polarimeters have recently 
been noade usiag these Polaroid films. 

The Polazimeter. The rotatory power which compounds exert on 
plane-polarized light is determined by means of an instrument called the 
polarimeter. A diagrammatic sketch of the essential working parts of 
the Lippich half-shadow polarimeter is shown in Fig. 3. 


~10V 

XI 


1 


Fio. 3 



Since the rotatory power exerted by a substance varies with the 
wavelength, a monochromatic source of light (5) is essential. The most 
satisfactory sources are: 

1. The yellow sodium light produced by heating sodium salts to a 
high temperature or an electrically operated sodium-vapor lamp. These 
sources are often used alone, but a light filter (F) is necessary to get 
monochromatic light corresponding to the sodium D line (X = 5893 A). 

2. The green mercury light produced by a mercury arc with suitable 
filters at F (X = 5461 A). 

3. light of other wavelengths may also be obtained from suitable 
helium, lithium, or cadmium lami». 

The monochromatic light is converted into a parallel beam by the 
lens (L) and enters the polarizing Nicol prism (Pi). The emergent 
l^ane-polarized light next meets a small Nicol prism (H) which covers 
tihe fiel^ and is placed at a slight angle (1 to 4°) to the first Nicol 

’. *£, H. land, Brit, pats., 413,170 (1034); 42S374 (1035); 433,455 (1035); U. S. pate., 
(1034)1,055,023 (1934); 1,080,371 (1935); 2,041,138 (1036); 2,123,001 (1088); 
(1938); 2,165,073 (1030); 2,165,074 (1030). 
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(Pi). This small Nicol prism creates a difference in intensity of l^^ht in 
the two halves of the beam and is often called the half-shadow Niool 
prism. The difference in intensity is due to the fact that the light which 
emerges from this prism represents only that component of the original 
ray vibrating in the direction of transmission of the half-shadow Niool. 
The beam next passes through the substance, whose optical properties 
are being studied, placed in the tube TT. The extent of rotation of the 
plane of the polarized light by the compound is determined by the 
analyzing Nicol prism P 2 which is mounted in a framework with scale 
B,B graduated in degrees and which may be rotated about the axis until 
the two halves of the field are of equal intensity. The lenses in the eye¬ 
piece, E, are used to secure a sharp focus on the line dividing the two 
fields. Verniers on the scales are used to obtain accurate readings. 
Rotations are determined by noting the difference in the readings 
obtained when the tube TT is empty and when filled with the compound. 

The results are expressed as follows; 

For pure compounds, 



where [a]f is the specific rotation at the temperature T, for light with 
the wavelength X. The value a is the degrees of rotation observed in 
a tube 1 decimeters in length for a pure compound whose density is d. 


For compounds in solution, 

lOQg 
Igd 


[a] 




100a 

Ic 


where g is the grams of solute per 100 g. solution of density d, and c is 
the grams of solute per 100 cc. of solution. 

Molecular rotations are calculated by multiplying the specific rotation 
by the molecular weight. 

[M]^ = [a]lM 

Since these molecular rotations are likely to be large numbers, one 
one-hundredth of this value is sometimes given. The specific rotation is 
dependent upon and varies with (1) the nature of the compound, (2) the 
nature of the solvent, (3) the wavelength of light, and (4) the tempera¬ 
ture. 

Circularly Polarized Light. Plane-polarized light is the type of 
polarized light which has been most widely used in the study of optical 
isomerism. However, some interesting and fundamental data have 
been secured by means of circularly polarized light. 

The nature of circularly polarized light may be understood best by 
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resolving it into its components. F^ure 4 shows two waves of plane- 
polarized light traveling in the same direction whose planes of vibration 


Fiq. 4 

are at right angles to each other. The waves also have a one-quarter- 
wavelength (90°) phase difference and equal amplitudes. 

The resultant of these waves, obtained by adding vectorially the 
displacements at all points along OF, is circularly polarized light repre¬ 
sented by the spiral in the photograph. Fig. 5. In the illustration the 


Fio. 5 
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circularly polarized light is lem since, to an observer stationed at Y with 
the light coming to his eye, the spiral proceeds in a coimterclockwise 
direction. By making the phase difference 90® in the opposite direction 
dextro circularly polarized light is produced. If the phase difference is 
not 90° or if the amplitudes are unequal ellipticaUy polarized light results. 

Circularly polarized light is produced by passing plane-polarized 
light through a glass prism known as Fresnel’s rhomb. 'This glass prism 
(jiD = 1.504) has its faces cut and polished so that the acute angle (A) 
is 54°. 

A cross section of such a prism is shown in Fig. 6. 



A beam of light normal to the face will be totally reflected at B and 
again at C. At each reflection with the angle of incidence equal to 54° 
and an index of refraction of 1.504, a phase difference of one-eighth of a 
period is introduced between the vibrations in and at right angles to the 
plane of incidence. Hence, if the incident light is plane polarized at an 
angle of 45° to the plane of incidence (which is the plane of the paper in 
Fig, 6), a total phase difference of one-fourth of a period (90°) is intro¬ 
duced and the emergent light is circularly polarized. If the phase differ¬ 
ence is not 90° or if the amplitudes of the two components are different 
the resultant light will be ellipticaUy polarized. 

A second method of producing circularly polarized light consists in 
passing monochromatic plane-polarized light through a thin crystalline 
plate which is doubly refracting. Very thin sheets of mica or selenite 
may be used or polished plates of quartz. These thin plates resolve the 
incident vibrations into two components at right angles to each other 
(c/. Fig. 4) which traverse the plate with different velocities and emerge 
with a phase difference dependent on the thickness of the plate. The 
thickness of the plate should be such as to retard one of the waves 90° or 
a quarter of a wavelength in order that the emergent light should be 
circularly polarized. It is evident that the wavelength of the light used 
determines the thickness of the plate. 

Studies with Circularly Polarized light. In attempting to secure 
more precise information concerning the effects which asymmetric 
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nu^ecules exert upon light it has been found desirable to study the 
effects of circularly polarized light and elliptically polarized light. 
A correlation of the studies on rotatory dispersion (p. 268) and the 
absorption spectra has shown that abnormal rotatory dispersions are 
observed in the immediate vicinity of the specific absorption bands. 
Moreover, it was formd that the beam of light emerging from an optically 
active substance was not plane polarized but elliptically polarized, pro¬ 
vided that the wavelength of the light used was within certain of the 
absorption bands. Next, the absorption of dextro- or levo-circularly 
polarized light was studied, and it was foimd that the absorption by an 
optically active molecule is dependent on the wavelength of the circularly 
polarized light. If the circularly polarized light possessed a wavelength 
in the neighborhood of the characteristic absorption bands of groups con¬ 
cerned with the optical activity of the molecule, then the beams of dextro- 
and fotio-circularly polarized Ught were absorbed to a different extent. 
At all other wavelengths the coefficients of absorption were equal. This 
phenomenon is known as circular dichroism or the “Cotton effect,” since 
Cotton in 1896 demonstrated that alkaline solutions of copper d-tartrate 
and Z-tartrate absorbed dextro^ and Zei'o-circularly polarized light to dif¬ 
ferent extents. 

The differences which d- and Z-asymmetric molecules exhibit toward 
d- and Z-cireularly polarized light has been used as a basis for an explana¬ 
tion of the mechanism by which optically active substances rotate the 
plane of polarized light. According to Fresnel, the beam of plane-polar¬ 
ized light is split into two circularly polarized beams of light with oppo¬ 
site rotations. If the compound is optically inactive these two spirals 
travel with the same velocity and upon emerging recombine with a re¬ 
sultant which is plane-polarized light. 

Thus, in Fig. 7, the dotted circle represents the projection of the two 
circularly polarized components on the AZ-planes, the beams of light 
traveling p^pendicular to the paper. At the end of a certain time, the 
right circularly polarized light reaches the point Pd, and the hvo beam of 
light reaches the point Pl- If the two beams travel at the same rate, 
then the arc RPd =■ RPl and the resultant beam is the plane-polarized 
component along OX. It is evident that all the resultants will lie on the 
axis XOX' as long as the velocities of the d- and Z-circularly polarized 
beams are equal. 

If, however, the plane-polarized light passes through an optically active 
eompound then the velocRies of the d- and Z-drcularly polarized light are 
^Bffeient. Suppose that the d-circularly polarized light travels faster 
the Z-|)eam; then, as shown in fig. 8, after a certain time the d-ray 
1*1# have reached the point Pd, and the Z-beam will travel only as far as 
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Pl. The resultant of these two circularly polarized beams is found 
by completing the parallelogram of forces, and the resultant is OQ, which 
represents the plane in which the polarized light is now vibrating. It is 
evident that the plane of vibration of the emerging light differs by the 
angle 6 from the plane of the incident light. Fresnel confirmed experi¬ 
mentally the correctness of his explanation by means of a triple quartz 




prism. Cornu and von Lang later confirmed it using a single quartz 
prism and finally Flcischl established this explanation for optically 
active solutions. 

Exactly how the optically active molecule resolves the plane-polar¬ 
ized light into these two circularly polarized beams and why it slows 
down one of them is not definitely established. It is known that only 
the valence electrons have any effect on light, and apparently the unsym- 
metrical distribution of the positive charges in an asymmetric molecule 
induces electronic vibrations which exhibit the selective action on the 
vector directions of the light photons constituting the d- and I-circularly 
polarized light. 

A. study of the absorptive powers of various group® for d- and 1- 
circularly pwlarized light has shown that those groups having absorption 
bands nearest the visible are the most effective in causing a high sp>ecific 
rotation. Hence, if only one group attached to the asymmetric carbon 
atom absorbs circularly pralarized light near the visible region, the stereo¬ 
chemical position of this group will determine the direction in which the 
plane of pwlarized light is rotated. If more than one group has absorption 
bands near the visible, then it is necessary to calculate the effect of each 
group. A study of these phenomena appjears to offer a means of inde¬ 
pendently correlating the configurations of related oompwunds and thus 
of establishing whether or not a Walden inversion takes place. 
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The relationships which have been developed between the various 
factors have been summarized by Landolt in 1906 and more recently by 
Lowry (1935), whose excellent monograph should be consulted. Refer¬ 
ences to the work of the investigatora mentioned above will be found in 
the books cited below. 


GENERAL REFERENCES 
Wood, “Physical Optica,” Macmillan, New York (1934). 

Landolt, “The Optical Rotating Power,” translated by Lono, Chem. Pub. Co., 
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Factors Influencing Optical Rotation 

Examination of formulas (1) and (2), developed by Biot for calculat¬ 
ing the specific rotation of optically active compounds, shows that certain 


(1) Pure Compounds 


(2) SoltUions 
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lOOa 
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conditions must be established experimentally. Hence, it is evident that 
the magnitude and direction of the specific rotation are dependent upon 
and vary with temperature, wavelength of the light, concentration, and 
nature of the solvent, since these factors appear in the above equations. 
Extensive investigations have been carried out in order to analyze the 
results obtained by variations in these factors. Landolt * in 1902, and 
Lowry * in 1935, summarized the data which had been accumulated, 
and these books contain complete information on this subject. In the 
following discussion, a few specific examples have been chosen from a 
large mass of data in order to illustrate the effect of variations in the 
factors mentioned above. 

Temp^ature. The specific rotation of a compound may either 
increase or decrease with a rise in temperature. For example, Krecke • 
found that the specific rotation of d-tartaric acid increased with a rise in 
temperature (Table I). 

. * Landolt, "Tbe Optical Rotating Power," tranalated by Long, Chem. Pub. Co. 

' ISlMtcm, PwMMylvatiia (1902). 

^ Lowry, "Optical Rotatory Power,” tongmaoe, Green and Co., Ltmdon (103S). 

Arch, nttrland., 7, 07 (1872). 
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TABLE I 

Tartakic Acid 

Tempbratueb Concentration of Aqueous Solutions 

10% 20% 40% 

0° 9.95° 8.66° 6.45° 

100 23.79 21.48 17.60 

On the other hand, Gemez * observed a slight decrease in the rota¬ 
tion of turpentine (impure Z-pinene) as the temperature Was increased 
(Table II). 

TABLE II 


Temperature 

11 ° 

98 

154 

168 (vapor) 


Md (Turpentinb) 
-36 53° 
-36.04 
-36.81 
-35.49 


Pictet ’ found that the specific rotation of methyl d-tartrate in¬ 
creased from -f-2.14° at 20° C. to -ffi.OO® at 100° C., whereas Cook* 
showed that the direction of rotation of aspartic acid could be inverted 
by a rise in temperature (Table III). 


TABLE III 


Temperature 

20 ° 

75 

90 


(qId (Aspartic Acn>) 
-1-4.36° 

0.00 

- 1.86 


A similar inversion in the specific rotation of malic acid * occurs at 
certain concentrations as the temperature is increased. 

No general statements can be made relating the specific rotation with 
temperature change. Each compoimd must be studied, and the change 
in rotation with temperature expressed graphically or by an equation 
which is limited in its application to that particular substance. The 
temperature effect is intimately connected with the phenomena of dis¬ 
sociation, association, and solvation which are discussed later. 

Wavelength of Light. In 1853 Biot pointed out that the magnitude 
of the rotation of plane-polarized light depended on the wavelength of 
the light, and was approximately inversely proportional to the square of 

'Oernez, Compt. rend., 08, 1108 (1864). 

»Pictet, Arch. Qenin, [317, 82 (1882). 

• Cook. Ber., 80, 294 (1897). 

* ThoiWD, Ber., IS, 441 (1882). 
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the wavelength. This change of rotation with change of wavelength of 
the light was called rotatory dispersion. If this dispersion follows the 
simple equation: 


[af = 


Ao 


where [a]*’ = specific rotation, Ao = constant for compoimd, X and 
Xo = characteristic wavelengths, then [a] increases regularly with 
decreasing values of X over the portion of the spectrum considered, the 
dispersion curve is an hyperbola, and the rotatory dispersion is said to be 
normal. If the dispersion does not follow this simple equation, but 
reqiiires a complex expression of the type 


[«r = 


Ao 


■; + 


A\ 


v-w x*-v 


+ 


S X^ - Xo* 


then the dispersion is abnormal or complex. 

The study of the absorption of light by organic compounds has led to 
the discovery of the fact that compounds possess characteristic absori>- 
tion bands. Such absorption spectra (p. 1774) have been correlated with 
the structure of the molecule, and it has been fairly well established 
that each of the bands is intimately dependent upon the presence of 
definite groups in the molecule. In an optically active compound, certain 
of these bands seem to be directly connected with the groups concerned 
with optical rotatory power of the molecule. Hence, the specific rota¬ 
tion of a compound changes markedly if the measurements are made with 
light of a wavelength which corresponds to one of these absorption 
bands. As a specific example, the results obtained by W. Kuhn and 
Gore ** on a solution of d-camphor in hexane are shown in Fig. 9. 

The molecular rotation curve, A, imdergoes abrupt changes as the 
region represented by the absorption curve, B, is approached and passed. 
At wavelei^hs of light remote from the absorption curve, very little 
change occurs in the optical rotation as the wavelength is changed. 

If the absorption bands occur in the visible range, as with colored 
compounds, difficulty is often experienced in determining the optical 
rotation. It is then necessaiy to determine the specific rotation at 
different wavelengths. With colorless compounds, satisfactory results 
are obtained by using a monochromatic source of light—usually the 
sodium D line. The wavelength of the light used must always be speci¬ 
fied. The importance of this factor has been emphasized by Karrer dur- 
iz^ a study of the,»configurational relationships between the naturally 
occurring o-amino acids, o*halogen adds, and a-hydroxy acids. Table 

>* aad Ooi«, Z. phvaik. Chain., UB, 392 (1931). 
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IV contains some of the rotatory dispersion data obtained by Karrer and 
Kaase, which demonstrate the wide variation in rotation by change in 
wavelength of light and, in one instance, the change in the rotation of a 
compound from leva to dextro. 



Fio. 9. Rotatory Dispersion of i-Camphor in Hexane. 
A = molecular rotation; B = absorption. 


Solutions. The specific rotatory power of an optically active solute 
dissolved in a solvent is dependent upon the following factors: 

1. Nature of solute. 

2. Nature of solvent. 

3. Concentration. 

4. DLssociation. 

5. Association. 

All these factors are interdependent and must be considered together 
in discussing the specific rotation of any particular solution of a com¬ 
pound. 

In 1873, Landolt studied the rotations of the lithium, sodium, 
potassium, and ammonium salts of d-tartaric acid and found that the 
molecular rotations of these salts approached the same value as the solu¬ 
tion was made more and more dilute. A few years later, 1876, Oude- 
TTians “ found that dilute solutions of salts of quinine with different 
acids gave constant molecular rotations. Hadrich,^* in 1893, also 
studied the effect of dilution and pointed out the relationship between 
the optical rotatory power of ionogens with the electrolytic dissociation 

Karrer aod Kaaae, Helv. Chim. Acta, S, 43S (1919). 
w Landolt, Ber., 6, 1077 (1873). 

OudAmans, Arm., IBS, 62 (1876). 

“Hadrioh, Z. phyrik. Chem., U. 476 (1893). 
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theory of Arrhenius which had been proposed in the meantime (1887). 
Thus, a dilute solution of a salt of an optically active acid owes its 
rotation entirely to the optically active anion, whereas, in more concen- 

R*COOM v± (R*COO)- 4- M+ (M = metal) 

trated solutions, both the undissociated salt and the anion affect the 
plane of polarized light. Similarly, the dissociation of a salt of an opti¬ 
cally active base (B *) 

B*HC1 <=± (B*H)+ + Cl- 

produces the optically active cation, and when dissociation is complete, 
only the cation is optically active and the anion is without appreciable 
effect. 

The molecular rotation of a salt of an optically active base with an 
optically active acid also reaches a constant value in dilute solutions, and 
this value is the algebraic sum of the rotations of the cation plus anion. 
For example, the dissociation of such a salt takes place as follows; 

tB*-HdA* <=± (ZB*H)+-|- (dA*)- 

In dilute solution. Mo = Mo cation -|- Mo anion. 

As a specific example, the average value of the molecular rotation of 
morphine a-bromocamphor-ir-sulfonate in dilute aqueous solution was 
found to be equal to —100°. Dilute aqueous solutions of morphine 
hydrochloride gave an average value of —371° for the morphine cation 
and dilute aqueous solutions of a-bromocamphor-Tr-sulfonic acid gave 
an average molecular rotation of -|-271° for the anion. Hence, the rota¬ 
tion of the salt should be —371° -|- 271° == —100°, which checks the 
actual observed value. 

From the above discussion it is evident that the specific rotation of a 
solute, which is capable of ionization when dissolved in an ionizing 
solvent, is dependent upon the degree of dissociation, which in turn 
varies with the concentration and, it may also be added, with the 
temperature. 

The factor of association of molecules of the solute also influences the 
specific rotation although the data on this point are rather meager. 
Different specific rotations are observed for an optically active liquid 
depending on whether the rotation is determined on the pure liquid, on a 
solution of the liquid, or on the vapor of the compound. For example, 
the Md for Pore methyl d-tartrate was found to be -1-2.1°, whereas 
a benzene solution gave a value of —8.8°. Cryoscopic determinations 
showed a molecular weight of 411 in benzene, whereas the calculated 
value is 178. 

Froundler, Ann* chim, phys., [7] 4, 256 (1896), 
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Stnicture. The attempts which have been made to correlate the 
degree of optical activity with the structure of the molecule have not 
led to the discovery of any definite relationships. A study of the 
1-menthyl esters of monosubstituted acetic acids has shown that there 
is no regularity in the change of molecular rotation with change in 
polarity of the substituents.'* Some of the data are given in Table V. 


TABLE V 

f-MioNTHTi. Esters of Sobstitutkd Acetic Acids 
XCHjCOjCioHw© 


X - 

Dipole Moment 
#1 X lO** 

k of acid 

LMenthyl Ester 
[Af]!? 

N(CH,), 

+1.4 

1.3 X 10-'® (?) 

-156.9 

H 


1.8 X 10-® 

-157.3 

CH, 

+0.4 

1.4 X 10-* 

-160.2 

COsH 

-0.9 

160 X 10-* 

-160 2 

OCjHs 


23 X 10-* 

-160.6 

OCH* 

-1.2 

33 X 10-* 

-165 

OH 

-1.7 

15 X 10-* 

-165 {at94°C) 

Br 

-l.S 

138 X 10-* 

-169 

a 

-1.5 

165 X 10-* 

-171 

CN 

-3.8 

370 X 10-* 

-174 


When the polar group is in closer proximity to the asymmetric 
center than in the compounds just d^cribed, the variation of molecular 
rotation is greater. A series of products formed by the condensation of 
aromatic aldehydes with d-phenyl oxynaphthyl methylamine showed in 
general a decrease of molecular rotation with increase of the ionization 
constants of the acids corresponding to the aldehydes. 

The molecular rotations of several homologous series of compounds 
have been determined. Pickard and Kenyon " prepared the series of 
alcohols shown in Table VI and the series of esters shown in Table VII. 

TABLE VI 

[Mlg* or CHsCHOHRCn) and C*HjCHOHB(n) 


Methylethylcarbinol. 

[Mil? 

10.30 

EthyI-»»-propylcarbmol... 

[Mil? 

lAethyl-n-piopylcarbmol... 

.. 12 10 

.. 2.01 

Methyl'n-butylcarbinol.... 

., 11.80 

Ethyl-n-butylcarbinol.... 

.. 9.43 

Methyl-n^amylcarbinol.... 

.. 12.00 

Ethyl'n-amylcarbinol .... 

.. 10 60 

Methyl-n-hexylcarbinol_ 

.. 12.70 

Ethyl-Ti-hexylcarbinol- 

.. 10.63 

Metbyl.^heptylcarbinol... 

.. 12.90 

Ethyl-n-heptylcarbinol... 

.. 10.68 

Methyl-n-octylcarbinol.... 

.. 18.70 

Ethyl-n-octyloarbinol.... 

.. 10.74 

Ilediy’l-ra-nonylearbmol ... 

.. 14.00 

Ethyl>n-nonylcarbinol.... 

.. 11.09 

|li 0 lliyi>n<decyloaxbiDol..., 

.. 14.60 

Ethyl-w-decylcarbinol- 

.. 12.44 

illil(lliyl-n.uodecylcarbmol.. 

.. 14.40 

Ethyl-n-undecylcarbinol.. 

.. 12.66 


**Siu1a, jIfVoiM. faradav Bee^ Mf 326 (1930). 

» and Kenyon, J. Chem. Soc., W, 49 (1911) ; 103, 1923 (1911) ; lOS, 830 (1914) 
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The data on the alcohols (Table VI) indicate merely that the molec¬ 
ular rotation of the molecule gradually increases with the length of the 
alkyl group and that the increment becomes smaller. On the other 
hand, the molecular rotations of the optically active aliphatic esters 
(Table VII) appear to approach limiting values with increase in the 
length either of the acyl group or of the alkyl group. 

It is obvious from such results as have been given that no deductions 
concerning the molecular rotation of a molecule can be drawn from a 
knowledge of its structure. 

Concentration. The optical rotation of a compound in solution 
varies with the concentration, since the degree of dissociation or associa¬ 
tion is dependent on the concentration. Undoubtedly solvation also 
plays an important role, and this factor is related to concentration. 

Solvent. The solvent itself also profoundly influences the rotation 
observed. Pribram ** determined the rotations of 5 per cent solutions 
of d-tartaric acid in a variety of solvents, some of the results being shown 
in Table VIII. 

TABLE VIII 


OpncAi. Rotation or iI-Tartaric Acid in Different Solvents 


Solvent 

W!? 

Water 

+14,40 

Ethanol 

+3,79 

Ethanol + benzene (1 : 1) 

-4,11 

Ethanol + toluene (1 : 1) 

-6,19 

Ethanol + chlorobenzene (1 : 1) 

-8,09 


It is clear from the data in Table VIII, and also from numerous other 
studies, that the solvent influences not only the magnitude but also the 
direction of rotation. Hence, it is necessary to specify the solvent when 
speaking of a certain optical isomer as being the d-isomer or f-isomer. 

It should be mentioned that no change in configuration is involved in 
the phenomena under discussion; i.e., it is exactly the same optical form 
which rotates polarized light to the righl in one solvent, and to the left in 
another solvent; to the right at one concentration and to the left at 
another; to the right at one temperature and to the left at a different 
temperature. 

During the past ten years a systematic study of the relationship be¬ 
tween the solvent and optical rotatory power of a compound has been 
undertaken by H. G. Rule and his co-workers in order to gain more 

“Pritjram, Ber., as, 6 (1889). 

WRule Mid eo-workera, J. Chm~ Soc., 674,2662 (1931); 1400,1409, 2382 (1932); 376t 
*217 <1988) ; MeLean, Md., 361 (1934). 
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precise mformation concerning the change in optical rotatory power 
caused by solvents. These investigations were carried out on com¬ 
pounds and solvents so chosen that the factors of ionization and associa¬ 
tion of solute molecules were excluded. 

The optical rotation of methyl f-menthyl naphthalate in a large num¬ 
ber of solvents was determined. It was found that the dipole moment of 
the solvent furnished a physical property which enabled correlations to 
be made, provided that the polar solvents were classified according to the 
parent hydrocarbon from which they were derived. The non-polar 
solvents constituted a separate class. Four series of solvents were ob¬ 
tained in which the optical rotation varied sympathetically with the 
dipole moment. Some of the data are shown in Table IX, the upper 
half of which represents the polar solvents which may be regarded as 
derived from methane. 


TABLE IX 


Variation in Optical Rotation op 



WITH THE Dipole 


Moments op the Solvents 


Polar 

Solvents 


Non-polar 

Solvents 


Solvent 

Dipole Moment 

A. X 10‘“ 

[MliSei 

r CH 3 NO 2 

3.8 

-219' 

CHsCN 

3.2 

-239 

S CHsCHO 

2.7 

-316 

CH 3 I 

1.3 

-336 

^ CH 3 OH (afisociated) 1.6 

-383 

r css 

0 

-437 

CCh 

0 

-563 

i CbHu 

0 

-651 

C,Hm 

0 

-653 

C 7 H 1 , 

0 

-653 


Examination of the data in Table IX shows that the molecular rota¬ 
tion increases as the dipole moment of the solvent decreases. Three 
similar series of solvents derived from ethane, benzene, and naphthalene 
were also studied. The results demonstrate that there is little or no 
regularity when solvents of one series are compared with those of another. 
Hence, the most favorable conditions for the observation of regularities 
are obtained when all the solvents are derived from the same parent 
hydrocarbon. 

The solvents which have no dipole moment give the largest molecular 
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rotaticms. There is, however, a large variation in the solvents with no 
dipole moment. Such compounds fall into two classes. 

(а) Compounds with No Permanent Dipoles. The parafiSn hjrdro- 
carbons are examples of such molecules. Consideration of the data in 
Table IX shows that a maximum and constant molecular rotation of 
the ester is observed in pentane, hexane, and heptane. It seems reason¬ 
able to believe that in these solvents there is a minimum of association 
between solute and solvent. 

(б) Compounds with Neutralired Dipoles. Carbon disulfide and 
carbon tetrachloride are molecules in which the electric moments are 
opposed to each other, and hence are non-polar with reference to a uni¬ 
form external field. However, such a molecule may exert a definite 
force on a point charge or dipole in its immediate neighborhood. If the 
solute possesses a dipole, then association with the solvent may occur. 

- ^ - + _ - t - 

S==C=S -I- R—C=0 -V S=C=S 

I 

OR* R—C==0 

I 

OR* 

Such association would tend to decrease the rotatory power, since it 
would decrease the polarity of the solute. The magnitude of the rota¬ 
tion of a solute has been experimentally demonstrated to depend upon 
the polarity of the groups in the solute located near the asymmetric 
carbon atom. It is an association of this type which is advanced to ex¬ 
plain the fact that methyl f-menthyl naphthalate possesses a molecular 
rotation of only — 437° in carbon disulfide as a solvent, but a rotation of 
—653° in the paraffin hydrocarbons. 

The extent of this association between solute and solvent will depend 
not only on the magnitude of th6 dipole moments of both, but also on 
the steric effects which influence the closeness of association of solvent 
and solute, and are dependent upon the individual structure of each. An 
illustration of the way in which steric effects may dominate the results to 
be expected from the dipole moments is demonstrated by using the 
isomeric butyl chlorides as solvmits. The data for the rotation of methyl 
tmenthyl naphthalate are given in Table X. 

jerf-Butyl chloride has the larged dipt^ moment, and should produce 
tile lowed rotation of the ester. However, it actually leads to the highest 
fOta^on b^iause of the steric or screening effect of the three methyl 
fpeaapB on the carbon-chlorine dipole. The n-butyl chloride dhows the 
mliilimim , |md the isobutyl chloride an intermediate rotation of the 
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ester, since the former has the minimum and the latter an intermediate 
Bteric effect. 



TABLE X 

Dipole 

[.Sflftji 

Solvent 

Moment 

M X 10*“ 

CH,CH,CH,CH,a 

CH, 

1 

1.90 

-450“ 

CH,CHCH,C1 

CH, 

1 

1.90 

-464 

CHr-C—Cl 

in, 

2.14 

-511 


Finally, Rule and his students have obtained results which indicate 
that the dipoles in substituted benzene derivatives may act independ¬ 
ently in associating with the optically active solute. Table XI shows 
some of the data obtained on methyl i-menthyl naphthalate when dis¬ 
solved in various aromatic compounds as solvents. 


TABLE XI 


Solvents 

Dipole 

Moment 

M X 10'® 

[AniSei 

A =« [AflBauenl 

OeH# 

0 

-543“ 

. • 

CsHsCl -t- C«H, 

1.52 

-501 

42' 

o-C»H4C1j -|- c,h, 

2 25 

-470 

73 

P-C»H4C1j + CiHt 

0 

-463 

80 

C#H»NO* + C,H, 

3,9 

-527 

16 

m-C,H4(N02)2 -H CeH, 

3.7 

-610 

33 

P-C»H4(NOj)2 -1- C,H, 

0 

-508 

35 


Careful examination of the data in Table XI shows that when the 
disubstituted benzenes are used as solvents the drop in rotation (A) 
of the ester is nearly double that observed when a monosubstituted 
benzene is used as the solvent in place of benzene. 

In general, it now appears that association between solute and solvent 
is one of the important factors influencing optical rotatory power, and 
that the dipole moments or neutralized dipoles of tJie solvent are factors 
in determining the degree of association. 

Recent investigations have shown that rotations of optically active 
compounds in hydrogen-containing solvents differ from those observed 
in the corresponding deuterium solvents. The magnitude of the change 
in specific rotation is not great (usually less than one degree). A review 
of these studies has been contributed by Buchanan,** 

M Buchanan, Chemit/by dt Induairv, 748 (XB38}. 
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Deutero Compotmds. The replacement of hydrogen by deuterium in 
an optically active compound causes a slight change in the optical 
rotatory power. For example, Erlenmeyer and Bitterlin prepared the 
two compounds shown in Figs. 10 and 11 and found that the deutero 
compound had a slightly lower specific rotation in aqueous solution. 


COjNa COjNa 



COjNH4 C0*NH4 


aD=31.5* ax,=32.8" 

Fig. 10 Fig. 11 

Molecules in which the sole cause of asymmetry is the replacement 
of hydrogen by deuterium have been studied in order to determine 
whether optical activity is possible. The structures shown in Fig. 12 are 



Fig. 12 


certainly asymmetric according to definition, but the differences in 
optical rotatory power of the d- and Worms may be exceedingly small. 
Up to the present time all compounds of this type have been found to be 
inactive or to have given such small observed rotations as to be indecisive. 

Mention may be made of several ingenious attacks on this problem. 
Studies on o-pentadeuterophenylbenzylamine (Fig. 13) have shown 
that it could not be resolved,*®' ** contrary to earlier reports.®* McGrew 

C,Ds 

I 

coif—o—NH, 

I 

H 

Fiq. 13 

* Erienmeyer and Bitterlin, H«l«. Chitn. Aeta, tS, 207 (1940). 

** Adame and Tarbell, J. Am. Chem. Soe., M, 12fi0 (1038). 

** CSlenicv Raper, and Robson, J. Chem, Soe., 431 (1930). 

Oemoand McQuiUen, ibid,. 8C« (1930). 
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and Adams “ resolved l-pentyn-3-ol (Fig. 14) and reduced it catalytically 
with deuterium to the tetradeutcro compound of Fig. 15 which was found 
to be optically inactive. 



Coppock, Kenyon, and Partridge®* prepared the p-phenylphenyl- 
urethan of l-phenylvinylcarbinol (Fig. 16) and reduced it with deuterium 
hoping to obtain diastereoisomers of Fig. 17, but no separation could be 

P-C.H6C«H4NHC02—CHC,Hs p-C,HtC,H4NHCOsCHCeHs 

I I 

CH CHD 


CH, 

Fig. 16 


CHsD 

Fig. 17 


effected. In another experiment the ?-phenylvinylcarbinol was reduced 
with deuterium and the 3,5-dinitroben2oate fractionally crystallized. 
Hydrolysis to the alcohol and oxidation produced an inactive ketone. 

Reduction of isopropylidene-d-glyceraldehyde (Fig. 18) produced 
the optically active compound of Fig. 19 which upon hydrolysis produced 
an optically inactive deuteroglycerol (Fig. 20). 


CHO 



Fig. 18 



D 

1 

CHOH 

1 

CHOH 

I 

CH,OH 
Fig. 20 


The two substituted allyl alcohols shown in Figs. 21 and 22 were 
dehydrated with <J-camphor-10-sulfonic acid in an effort to obtain the 
optically active allene of Fig. 23, but the products showed no optical 
activity.” 

•* McOrew and Adams, J. Am. Chem. Sac., O, 1497 (1937). 

" Coppock, Kenyon, and Partridge, /. Chem. Soc., 1069 (1938). 

Brlenmeyer, Fiacher, and Baer, Heb. Ckim. Ada, 20, 1013 (1937). 
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C*Ht\^ 

C==CH- 

yC*H» 

-C -HiO 

C*Ht\^ yCtS-t 

o=o=c'^ 

CioH?^ 

IVo ' 

CioH/ 


Fio. 21 



Fra. 23 

C6H6^^ ^COii / 

C==CH—C 

c^d/ 



Fia. 22 

Configurational Notation 



Notations have been introduced to indicate configurational relation¬ 
ships which are independent of the numerical value or sign of the specific 
rotation and denote the relative position which the groups about the 
asymmetric carbon atom possess. 

According to one notation suggested by the Committee on Carbo¬ 
hydrate Nomenclature of the American Chemical Society, dextro- 
glycerose is chosen as the standard reference substance and denoted as 
D-glycerose and all compounds having the same configuration shall 
belong to the D-configurational series. Those having the opposite con¬ 
figuration shall belong to the L-series. Capital letters are used to denote 
configurations. When the Fischer projectional straight-chaiil formula of 
a compound belonging to the D-series is written vertically with carbon 
number one at the top, then the — OH (or other substituent such as OR, 
OAc, NH 2 ) of the terminal asymmetric carbon atom shall be placed to 
tJhe light of the chain. If the formula is written horizontally it shall lie 
below the chain when carbon number one is to the right. A second 
notation uses the lower-case letters d- and I- to denote configuration, 
and plus (-f) and minus (—) signs to show the rotation. * The following 
formulas illustrate these notations; 

*CHO CHjOH 

^1 I 

H—€—OH CO CHO 

>1 I I 

HO—C—H HO—C—H HO—C—H 

i I 

H—C—OH H—C—OH H—C—OH CHO 

el i I I 

H—C—OH H—C—OH H—C—OH H—C—OH 

.111! 

CHaOH CH»OH CHaOH CHaOH 

J>-Glueoae, D-Fmotoa*, D-Anbinoie, IMJlyoerow. 

(hlooM d(—) InwtMe d(—} ambincue d(+) glyearoM 

'* Out vumt .3m ezerdaed in i»ing notation, alnca mnnjr article* in the ofaemioal 
UtKalwe tut *hd I- indiscritnlnataiy tor rotation or oonficuration. The Fischer ooH' 
«entiiai} i* aumn|iuj««d by Hudson, J. Chun. Bd., 18, (1841). 
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COjH 

I 

H—C—OH 

I 

CHs 

D'Lftctic acid, 
lactic acid 


CO,H 

I 

H—C—NHj 

i 

CHa 
D'Alanine, 
d(—alanine 


CO2H 

I 

H—C—OH 

I 

CeHs 


D-Mandelic add, 
d(—) mandelio acid 


The mirror images of these compounds belong to the L-series, re¬ 
gardless of their rotations. The investigations of Clough,** Karrer,*’ 
Levene,*® Freudenberg,** and others have shown that all the a-amino 
acids obtained from proteins belong to the L-series, although the specific 
rotations of some of these are actually dextro. 

Mutarotation 

It has been observed experimentally that the rotatory power of a 
freshly prepared solution of certain optically active substances is not 
constant, but gradually changes, finally reaching a constant value (not 
zero) by reason of the establishment of an equilibrium. This change in 
rotatory power is termed mutarotaiion* Correlation of this phenomenon 
with the structure of the compoimds which exhibit such behavior has 
shown that in each case a configurational or structural change has oc¬ 
curred. 

Configurational Changes. Tanret** found that two forms of D-glucose 
could be obtained. Freshly prepared solutions of one form, a-glucose, 
possessed a rotation of 4-110°, and the second form, ^-glucose, a rota¬ 
tion of 4-17.5'’. On standing, the rotations of both solutions changed 
and finally reached a constant value of +52.5°. The essential changes 
involved, without consideration of the mechanism, ai-e due primarily to 
an equilibrium between the forms shown in Figs. 24 and 25. 

The proof of these structures is given in the chapter on carbohydrates 
(p. 1555), but the point to be noted here is that the mutarotation is 
caused by a change in the configuration of the groups attached to 
carbon atom number one (marked '*). In general, it has been found that 
all reducing sugars and many of their derivatives exhibit mutarotation. 

The alkaloidal salts of certain substituted biphenyls exhibit mutarota¬ 
tion, which is due to the conversion of one form of salt into an equi- 

*• Clough, /. Chem. Soc., IIS, 62fi (1918). 

*• Karrer, Melv. Chim. Acta, 6, 967 (1923). 

•0 Levene, see Gilman, “Organic Chemistry," John Wiley A Sons, Now York (1938), 
First Edition, Vol. II, Chapter 21. 

» Freudenberg and oo-workeTB, Ber., 66, 193 (1623); 67, 1647 (1924); 88,1763 (1925); 
80, 2447 (1927); 61, 1083 (1928). 

* The terms multirotation and birotation have also been used. 

••Tanret, Compt. rend., ISO, 1060 (1896). 
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CH,OH 

I 

C-0 



c—c 
1 I 

H OH 


Fig. 24 


CHjsOH 

1 

C-0 



c-c 

I 1 

H OH 


Fig. 25 


o-D-Oluoopyranose 

Wg, + no- 


^D-GIuoopyranoae 
Wg, + 17,6“ 


Equilibrium mixture, [a] g, + 62.6° 
(34% a. 66% (J) 


librium mixture of this salt with its diastereoisomer. This is illustrated 
by Figs. 26 and 27. 



Fig. 26 

cMorm 


Fig. 27 

Morm 


(H Base)^ 


The change in rotation results from the turning of one phenyl group 
through 180“ about the pivot bond. It occurs in biphenyls whose ortho 
groups are small (see Part VIII). This represents a configurational 
change in the biphenyl part of the molecule; the alkaloidal part is 
unafiected. 

A spontaneous change in configuration at one center of asymmetry 
(with no changes at any other centers of asymmetry) leads to mutarota- 
tion and formation of an equilibrium mixture of two diastereoisomers, 
which are usually (but not necessarily) present in unequal amounts. 

Structural Changes. Aqueous solutions of the lactones of certain 
of the sugar acids also mutarotate. Figures 28, 29, and 30 show the 
equilibrium between the lactones of gluconic acid.** 

The mutaiotation is due to a structural change which results from 
Hms opening of the y- (Fig. 30) or 5- (Fig, 28) lactone rings by hydrolysis to 
g^taoonic add (Fig. 29). The groups attached to the asymmetric carbon 

Ann., 40S, 204 (1914); Httworth and otbMn, J, Chem, Soe., W, 1899 (1926); 
9^ im, 3436 {1927). 
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atoms, numbered 2, 3, 4, and 6, in each of the three molecules are differ¬ 
ent, and hence the optical rotatory power changes as one of the three 
molecules is converted into the equilibrium mixture. No configurational 
shift occurs about the as 3 Tiimetric carbon atoms. 



Fig. 28 


Fia. 29 


Fig. 30 


1,5-Gluoonotactone 
N”. +63.5‘' 




Gluconio acid 

Mg', -la-* 


Equilibrium mixture, +6.2® 


1,4-Gluconolaeione 
[alS*. +67,8» 


Another example in which a reaction causes mutarotation is found 
in the primary amine salts of d-camphor-lO-sulfonic acid.** In an¬ 
hydrous solvents an equilibrium is set up between the salt, ketimine, 
and water, as shown by Figs. 31 and 32. 

The salt ^ ketimine reaction modifies the groups about the asym¬ 
metric carbon atoms (*), but no configurational change is involved. The 
possibility of such a transformation must be kept in mind when d- 
camphor-lO-sulfonic acid is used as a resolving agent. 


CHjSOjO-fCeHsNHa)- 


C==0 


CHzSOjOH 



Fio. 31 

Aniline d-oampbor- 
10-«\ilfonete 
[«]«. +37.6» 



C=N—CsHs 


+H 2 O 


CH, 


Fig. 32 


Mixture 
W”, +10.7" 


2(N''Phaxylketimmo)- 
10-camphaneeulfonic add 
-i70.a" 


Mutaroiaiion, due to structural change, is associated with molecules 
in which the groups about the asymmetric center are readily modified by 
the solvent or by some reaction which takes place easily in solution. 

The rate of mutarotation, whether due to configurational or structural 
changes, is dependent upon temperature, solvent, and catalysts. All 
eTampkm of mutarotation that are known take place in solution. 

** Scbrwber rad ^iriiwr, J, Am, Chem, Soc., 07, 1306, 1446, 1896 (1936). 
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Asynunetric Synthesis 

Uve laboratory synthesie of asymmetric molecules, using ordinary 
chemical reactions and conditions, invariably produces the racemic modi¬ 
fications. On the other hand, most, of the asymmetric molecules occur¬ 
ring in plants and animals are found as either the dextro or leva isomer. 
TTie problem of synthesizing optically active molecules, without recourse 
to resolution methods, has consequently intrigued organic chemists. 

Emil Fischer,** in 1894, discussed this problem, and Marckwald,** 
in 1904, outlined in more precise terms the synthesis of optically active 
compounds. Marckwald defined “asjmimetric syntheses” as those proc¬ 
esses which produce optically active compounds from symmetrically 
constituted molecules by the intermediate use of optically active re¬ 
agents, but without the use of any of the methods of resolution. This is 
the ordinary interpretation of the term “asymmetric synthesis” as 
employed today. 

Many examples of asymmetric syntheses are known. An optically 
active mandelic acid was obtained by McKenzie ” by the following series 
of reactions: CHs 


CH 

/ \ 

0 CH2 CH2 


CjEsCOCOaH 


C«H6CC02CH CH2 

\ / 

CH 


CH(CH,)2 

Z-Meathyl ben^oylfomiAte 

H H 

C«Hs—C—COjCioHi* C«H6—C—C02 CioHi» 


OCOCH, 

H 



—CO,H 


I 

OH 

1 2'Menthyl {•mandeUte (exoew) 
I-Mentbyl d-xoand^te 


OH 

{-Maadelic add (ttoest) 
d-Mandelin add 

«rt«sher, Ber., Vt, 3231 (1894). 

** MBTOkwald, Ber., 37, 349 (1804). 

..D J. Chem. Soc., W. 1249 (1904); McKenzie and HumphnM, Hrid., 9B, 

iidsawo). 
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The reduction of the J-menthyl ester of benzoylformic acid produces 
the two diastereoisomeric esters of mandelic acid in unequal amounts, 
and acetylation and hydrolysis result in a mandelic acid which contains 
an excess of the leva form. Thus, benzoylformic acid, which has no asym¬ 
metry and contains no assrmmetric carbon atoms, is converted into 
mandelic acid, which does have an asymmetric carbon atom and is opti¬ 
cally active. The nascent hydrogen may add to the ketone carbonyl 
group in two ways and at different rates because of the asymmetry of 
the molecule due to the presence of the ?-menthyl group. In a similar 
manner, the pyruvates of 1-menthol, Z-bomeol, and 1-amyl alcohol yield 
optically active lactic acids ** by reduction and hydrolysis. 

CHjCOCOjR* ^ CHjCHOHCOsR* CHjCHOHCOaH 

where R* is an optically active group. 

Treatment of optically active esters of a-ketonic acids with die 
Grignard reagent, followed by hydrolysis, also produces optically active 
hydroxy acids. The general reactions are as follows: 

0 OMgX 

R—C—COjR* R—C—COsR* 


OH 

I 

R—C—CO 2 H + R*OH 

I 

R' 

(Optically 

active) 

McKenzie and his co-workers *’ investigated some thirty examples of 
the above type, in which a variety of groups was used. Some of the 
groups were: 

R-C.H 5 -; (p)CH^C«H 4-; CH,-; a-CioH7— 

(Opt. act.) R* «■ 1-menthyl; l-bomyl; d- and i-2-octyl 
R' — CH*—; C 2 H 5 —; n-CjHi—; wo-CjHt—; —; CiHj— 

In each case, asymmetric syntheses are effected, and the resulting 
hydroxy acids contain an excess of one of the optical isomers. 

“MoKenrie, Md., 87, 1373 (1905); McKeniie and Wim, ibid,, SB, 688 (1906) 
MoKensie and MUUer, ^nd,, 98, 644 (1909). 

** MoKanxie and oo-workars, ibid., 88, 1249 (1904); 95, 644 (1909); Siochsm, Z., 937, 
1 (1931); 9M, 376 (1932) ;SS1, 412 (1931). 


0 

il 

R—C—COjH —► 

(Optioally 

inaotive) 
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An interesting asymmetric synth^is was reported by Marckwald,^® 
who prepared the acid brucine salt of ethylmethyhnalonio evcid, Fig. 33. 
This solid salt was then heated to 170“, thereby eliminating carbon 
dioxide from the molecule and forming the brucine salt of ethylmethyl- 
acetic acid, Fig. 36. Removal of the brucine gave a Zero-rotatory ethyl- 
methylacetic acid, Fig. 36, which was found to contain 66 per cent of the 
Worm and 46 per cent of the d-isomer. 


CHjv ^C02H 

C* ** H»/ X30,H 

Fig. 33 



Fig. 36 


CHgv yCOjH 
C2H5/ 

CH,. yH 

C2 H/ n:02CssH270«N2 
Fig. 35 


The process thus starts with the malonic acid, Fig. 33, which is sym¬ 
metrical, and ends with the ethylmethylacetic acid, Fig. 36, which con¬ 
tains an asymmetric carbon, and which is optically active. No resolu¬ 
tion is involved, since equimolecular amounts of the malonic acid and 
brucine are used, and the solvent is evaporated completely in producing 
the brucine salt. 

Eisenlohr and Meier have demonstrated that the acid brucine 
salts decompose at the same rate and suggest that during the evaporation 
of the solvent unequal amounts of the diastereoisomeric acid brucine 
salts (Fig. 34) are produced so that the solid material contains an excess 
of one diastereoisomer. Decarboxylation then produces an excess of one 
isomer of ethylmethylacetic acid. 

In practically all cases, the active products obtained by asymmetric 
syntheses are not optically pure. The amount of one isomer usually 
exceeds that of the other isomer by not more than a few per cent. This 
has been demonstrated in most instances by independent synthesis of the 
pure d- and Z-forms, and observation of their maximum optical rotation. 

Bredig^ and his collaborators studied the addition of hydrogen 
cyanide to benzaldehyde. In the presence of d-quinidine, an optically 
active mandelonitrile was produced which hydrolyzed to a dextro man- 

* Marckwsad, Ber., 87, 840 (1904); Tijnuitra Be, Ber., 88, 2165 (1906); Erlenmeyer, 
Siodtem. Z., 64, 366 (1914). 

a BiaOT>lola and Meier, Ber,, 71, 1006 (1038)> 

** Bred^ and Fiake, Biod\/eiin, Z., 4i6, 7 (1912) ( Bredig and Minaefi, ibid., 848, 241 
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delic acid. In the presence of i-quinine, the same reactions produced a 
levo mandelic acid. 


C«HjCHOHCN 

HCN Z' ^ 

Quinidixid 


CoHsCHOHCOaH 

M.3% dextro 
45.7% lepo 


CdHaCHO 


HCN 

QuinifiB 

CdHjCHOHCN 

dextro 


CdHjCHOHCOaH 


48 6% dextro 
51.6% Icvo 


Five other aldehydes were shown to behave similarly, and the 
results parallel in a striking manner the asymmetric synthesis of opti¬ 
cally active cyanohydrins from aldehydes and hydrogen cyanide in the 
presence of the enzyme, emulsin,^ from almonds. Thus, d-mandelo- 
nitrile is obtained from benzaldehyde and hydrogen cyanide in large ex¬ 
cess over Z-mandelonitrile, since hydrolysis gives Z-mandelic acid, which is 
optically pure after only two crystallizations. 

Many additional asymmetric syntheses have been effected by en¬ 
zymes. Some of these are listed below in order to give an idea of the 
scope of the studies. 


C6H8CH=CHCOaH + HjO (Z) C,dldCHCHaC02H (Dakin) « 

Ah 


CHCOaH 


11 FumaraM CH 2 CO 2 H 

HO 2 CCH + H 2 O - > (Z) ] 

(DHOHCOaH 

(Dakin)« 

CHCO 2 H Aapartaao CHNHiCOjH 

11 + NHa -77--7-> (Z) \ 

HO 2 CCH CHaCOaH 

(Suiniki)« 

Liver 

CHsCOCOaH -> (d) CHaCHNHjCOaH 

(Embden) * 

CaHsCOCH, > (Z) C,H,CHOHCH3 

(Neub«rg) 

ReduetaM 

C»H»COCOsH - > (Z) C,^IsCH0HC02H 

(Rosenthaler) * 


« Ko«enthaler, ibid., 14, 238 (1908); IT. 267 (1909); 19 , 186 (1909); *6, 1, 7 (1910); 
F^rtnentforschung, 6 , 334 (1921); Arch, Pharm., 949 , 610 (1911). 

« Dakin, J. Biol. Chem.„ U, 183 (1922). 

^ Suniiki, Bull. Jap. Soc. Ferment., 23, 33 (1928), 

*• Embden and Schmiti, Biochem. Z., 99 , 423 (1910); 88 , 393 (1912). 

« Neuborg and Lewite, Und., 91, 267 (1918); Neubere and Nord, Ber., 59, 2237, 2248 
(1919). 

•• Roeentbaler, Z, UtUenueh. Jfahr. u. Oemaam., 90, 448 (1910). 
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CftrbolistM 

CH,CHO + CaHsCHO-> (0 C,H,CHOHCOCH, (Neuberg)« 

CHiCOCHO + H ,0 -> (d) or (Z) CHaCHOHCOsH 

(Neuberg) “ 

A comparison of the optical purity of the products of these enzymatic 
asymmetric syntheses with the previously cited asymmetric S 3 mtheses, 
u»ng optically active reagents of known structure, shows that in the 
enzymatic reactions one optical antipode is often produced in great 
excess over its isomer and sometimes approaches 1(X) per cent optical 
purity. 

Enzymes are complex organic compounds which are known to be 
optically active. The asymmetric synthesis effected by means of 
enzymes probably involves a combination of the substrate with the 
enzyme to produce an asymmetric molecule, which then undergoes 
selective hydration, reduction, or amination. Since the reaction is so 
one-sided, however, it is not certain that exactly the same mechanism is 
involved in enzymatic asymmetric syntheses as in the simple reactions 
studied by Marckwald and McKenzie. 

The asymmetric syntheses brought about by enzymes are important 
because they offer a possible explanation for the continual production of 
optically active compounds in plants and animals. It should be noted, 
however, that none of these asymmetric syntheses offers an explanation 
of the ori^ of optically active compounds. The original optically 
active compound or enzyme necessary for these asymmetric 83 Titheses is 
still to be accounted for. 

Considerable interest has been manifested in a phenomenon termed 
asymmetric induction, which has been defined by Kortiim “ as the action 
of a force, arising in an optically active molecule, which influences 
adjacent symmetrical molecules in such a way that they become as 3 m- 
metric. Two types are generally distinguished, intramolecular and inter- 
molecular, depending on whether the systems involved are in the same 
or different molecules. At the present time, the evidence supporting the 
idea of asymmetric induction is not at all conclusive. An exceflent 
review of the subject has been contributed by Ritchie.^ 

An abaaliUe asymmetric synthesis would consist in the preparation of an 
optically active molecule without using at any stage of the synthesis an 

" Neuberg and Hitsch, Biechem. Z., iU, 282 (1921); Neuberg and Ohle, ibid., US, 
eiO (1922). 

Neuberg, ibid., 4», 602 (1913); 61, 484 (1918>- 

SammL. them, Vertrige, 10 (1932). 

•* Nitcfaiet “Aiymmetric Sjnttbera and AejmMDetrio Induction,” (Oxford UnivewHy 
JiMMii, Londan (193S). 
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optically active reagent, and without using any of the methods of resolu¬ 
tion. In order to induce the formation of an excess of one enantiomorph, 
the effect of various physical agents on the reactants has been studied. 
The only agent which has yielded interesting results is circularly polar¬ 
ized light (p. 285). 

Cotton attempted to effect an asymmetric decomposition by ir¬ 
radiating the alkaline copper dl-tartrate with dextro- and Zcao-circularly 
polarized light, but no excess of one form resulted. This has been shown 
by Byk to be due to the fact that photochemical reductions can be 
effected only by the ultra-violet components of sunlight, whereas the 
alkaline tartrates exliibit circular dichroism only at the red end of the 
spectrum. 

Numerous other attempts to effect selective decomposition of race- 
mates were unsuccessful. In 1929, however, Kuhn and Braun ” ob¬ 
tained a faintly active product by the photochemical decomposition of 
CHjCHCOaCjHs with dextro- and Icao-circularly polarized light of 

Br 


wavelength \ = 2800, which corresponds to one of the absorption 
bands of this compound. The rotation, however, was very small, only 
±0.05“. In 1930, more conclusive results “ were obtained by the de¬ 
composition of a-azidopropionic dimcthylamide, CHsCHCONCCHs)*. 


N' 


/N 

=N 


This molecule has a specific absorption band at X = 2900, which is due to 
the azido group. The d- and i-fonns of this amide exhibited circular 
dichroism at this wavelength. The cK-amide was irradiated with dexlro- 
circularly polarized light, and the product was distinctly dextro-rotatory 
(-(-0.78°). Irradiation with Icao-circularly polarized light gave a levo- 
rotatory product (—1.04°). Hence, it seems to be possible to effect an 
asymmetric decomposition by means of d- and l-circularly polarized 
light, although the products of the decomposition were not isolated or 
identified. Calculations also showed that only one molecule of the 
amide was decomposed per quantum of fight absorbed. Mitchell has 
also effected a similar asymmetric photochemical decomposition of 
humulene nitrosite, Ci 6 H 24 Na 03 , by d- and J-circularly polarized red 
light. 

The rate at which certain sugars undergo mutarotation has been 


“Cotton, Ann. chim. phys,, [7]8 , 347 (1896). 

•* Kuhn and Braun, NaturvnmnichafUn, 17. 227 (1929). 

“ Kuhn and Knopf, ibid., 18, 183 (1930); Z. pht/aO;. CXem., 7B, 292 (1930). 
“ MitoheU, J. Chem. Soc., 1829 (1930). 
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shown by Souty to be different for d- and l-ciroularly polarized light 
of wavelength 5461 A. No difference m the rates was observed for 
light of other wavelengths. 

The as 3 Tnmetric formation of compounds has been studied by several 
investigators, most of whom obtained negative results. However, 
Karagunis and Drikos obtained optically active compounds by the 
addition of chlorine to triarylmethyl radicals when the reactants were 
illuminated by circularly polarized light. For example, the following 
reaction was carried out under the influence of both d- and Z-circularly 
polarized light at two wavelengths, X = 4350 and 5890. At the end of 
about one hour, a maximii m rotation of +0.08° was obtained for the d- 

C*Hs 

I 

2C,H6C«H4—C— + CU 

i 

C10H7 


C.Hs 

2C,H5C.H4—(^—Cl 

I 

C 10 H 7 


circularly polarized light, and —0.08° for the f-circularly polarized 
light. After the reaction had gone to completion, the product was in¬ 
active. The di-chloride and the free radical itself were unaffected by 
either form of circularly polarized light. 

Davis and Heggie have treated 2,4,6,-trinitrostilbene (Fig. 37) 
with bromine under the influence of d-circularly polarized light of 
wavelength 3600-4500 A. The trinitrostilbene possesses an absorption 
band in the ultra-violet region, and the bromine exhibits a strong absorp¬ 
tion for light of the wavelength used. The formation of excited bro- 


NOj 



Fra 37 


NO, 



« Bouty, Compt. rend., iM. 198 (1934). 

*• Karagemis and DrikM, lfatimiiit»emchaften, U, 807 (1938); Natun, UHI, 364 (1033); 
X. p^glik. CWi., 9«B, 428 (1984). 

*Z>avi«and Heggie, J. Am. Ch«m. Soe., VI, 377 (1936). 
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mine atoms at this wavelength has been shown by Mecke.*® Hence, 
conditions were favorable for a reaction between activated bromine 
atoms and activated trinitrostilbene molecules which led to an opti¬ 
cally active dibromotrinitrostilbene (Fig. 38). The rotations observed 
were low, but beyond experimental error. In benzene as the solvent a = 
0.023°; in carbon tetrachloride, a = 0.021°; in acetic acid, a = 0.022°; 
in nitrobenzene, a = 0.040°. The activity was exhibited only after 
partial reaction had taken place at the end of a certain optimum time in¬ 
terval. After complete reaction, the products were optically inactive. 
The same reaction mixtures showed no rotation under the influence of 
plane-polarized light, and exposure of the final product to d-circularly 
polarized light did not cause any activity. 

The last two examples of asymmetric syntheses cited are of especial 
value, since the studies were carried out on well-known reactions, and 
the products possessed definite structures. 

Since sunlight reflected by the sea is partially elliptically polarized, 
an asymmetrical photochemical agent has been available for ages which 
could start the chain of asymmetric syntheses of the active compounds 
found in plants and animals. 

PART VI. OPTICAL ISOMERISM OF CYCLIC COMPOUNDS 

Compounds Containing Asymmetric Carbon Atoms in the Ring 

In number and character, the optical isomers of cyclic compounds 
with asymmetric carbon atoms forming parts of the ring are, in general, 
quite similar to the corresponding open-chain compounds. In mono- 
cyclic compounds with three, four, and five carbon atoms in the ring the 
number of isomers found agrees with the assumption that these rings 
are planar and that the groups attached to each carbon atom project 
above or below the plane of the ring. 

Although rings of six carbons are probably not planar, the isomers 
observed in such molecules conform to the number calculated on the 
basis of planarity of the ring. Molecules with rings of more than six 
atoms have received almost no experimental study from the standpoint 
of stereoisomerism, but it seems likely tliat, even though they are non- 
planar, the number of isomers formed will agree, as in the six-membered 
ring compounds, with the number expected from a planar ring. The 
principles just outlined apply equally well to saturated heterocyclic 
compounds. 

Rin g compounds differ from open-chain compounds chiefly in that 
•• Mecke, Tratu. Faraday See., t7,369 (1931). 
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no free rotation between the ring atoms is possible and consequently da- 
tnms isomerism may exist as well as optical isomerism (p. 477). 

Hiree-Membered Rings. A cyclopropane with the general structure 
of Fig. I'a contains only one asymmetric carbon atom (*) and hence 
exists in d- and Worms represented by Figs, lo and 16. The carbon atom 


I 



Mirror 

Fig. la Fio. 16 


marked with an asterisk is asymmetric, as may be seen by imagining the 
ring opened between the other two carbon atoms. 

The representation of the structures of cyclic compounds by formulas 
such as those shown in Figs, la and 16 is more convenient than using 
tetrahedra.* If two different asymmetric carbon atoms are present, as 
in Fig. 2, then four optical isomers are possible which constitute two 
racemic modifications. Figure 3 shows a molecule with three different 



Fig. 2 Fig. 3 


asymmetric carbon atoms which may exist as eight optical isomers or 
four racemic modifications. 

If two like asymmetric carbon atoms are present then a meso and a 
racemic modification may exist. Figure 4 represents the meso form, and 
Figs. 5 and 6 the racemic modification. The meso form is a ds^trans 
isomer of the racemic modification. 



* Modids of the simple oyelie cianpounds Buy easily be oonstructed by cutting tri- 
lUU^eB, squikt»B, etc., of cardboard and iuserting matches at the comers to represent the 

cronpa. 
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In cyclopropane derivatives with the following general structure 
(Figs. 7-10), carbon atom number 2 is pseudoasymmetric. Two meso 
forms exist shown by Figs. 7 and 8, and two active forms shown by Figs. 9 
and 10. These forms, Figs. 7, 8, 9, 10, parallel the forms of the chain 



Fio. 9 Fig. 10 

> - ^^ 

dl 

molecule represented by A-B-A. From the viewpoint of geometrical 
isomerism (p. 478) there are three cis-trans isomers; one is represented 
by Fig. 7, one by Fig. 8, and the third cis-trans isomer is the racemic 
modification composed of equal amounts of the d- and Worms repre¬ 
sented by Figs. 9 and 10. The two meso forms and the racemic modifi¬ 
cation are diastereoisomers of each other and, therefore, have different 
physical properties and react at different rates with various reagents. 

Four-Membered Rings. The number and nature of the stereoiso¬ 
mers of cyclobutane and cyclopentane derivatives can be deduced from 
considerations of the models of these ring compounds using the same 
general considerations cited above for the cyclopropane compounds. 

The following general formulas represent a summary of the isomers 
existing in cyclobutane derivatives substituted in the manner indicated 
(Figs. 11-22). 

Molecules of the type shown in Fig. 22 are represented by the five 
truxillic acids which are formed by the dimerization of trans-cinnamic 





1 tti-fonn 2 (H-forms 

Pm. 11 Fro. 12 


4 rfi-ffirms g fB-forms 

Fig. 13 Fio. 14 
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1 mew 
Fia. 16 



4 <ji-fonaa 
2 meeo 
Fia. 17 



No optical isomers 
2 cia-trans forms 


Fig. 19 



2 mesa 
Fiq. 16 



No optical isomers 
4 cis-trans forms 
Fiq. 18 



1 (ff-form 
2 meso 
Fig. 20 




1 di-iorm 
1 meso 
Fia. 21 


No optical isomers 
6 cis-trans forms 
Fig. 22 


add. Each of them is identical with its mirror image, although a- 
tnudUic acid (Fig. 23), unlike the other four isomers, has no plane of 
symmetry. Its symmetry results from the fact that when, from any 
atom in the molecule, a line is drawn to the point P and extended an 
equal distance beyond, it meets an atom identical to the one at its 
oar^in. Any molecule posseadng such a point, called a center of symmetry, 
ja idditioal with its mirrw image. 

. ..Auotiher unusual element cS symmetry must be postulated for mde- 
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cules in which the 6 groups of Fig. 18 are present as enantiomorphic pairs. 
Figures 28-32a represent some (but not all) of the isomers possible for 
this case. 



Flo. 23 Pig. 24 


COjH 


COjH 



pert-form, m.p. 266“ epi-fonn, m.p. 286“ 
Fig. 25 Fig. 26 



Each of the compounds, Figs. 28 and 31, has a plane of symmetry. 
The compounds of Figs. 29 and 30 are asymmetric and together con¬ 
stitute a racemic pair. Although the compound of Fig. 32o possesses 



none of the symmetry elements previously described, nevertheless it is 
identical with its mirror image. Examination of its structure shows that, 
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when tlie groups below the plane of the ring are rotated 90° in a plane 
paifdld to the plane of the ring, about an axis, XY perpendicular to the 
ring at the center, the mirror imag^ of the respective groups appear 
above them as shown in Fig. 326. Such an axis, XY has been termed an 
aUemating axis of symmetry —the term arising from the fact that enantio- 
moqihic groups in the original molecule. Fig. 32a, alternate stuxessively 
above and below the plane of the ring. The concept is limited to cyclic 
compounds with a perfectly symmetrical alternating distribution of 
groups around the ring. Thus Fig. 32c contains an alternating axis of 
symmetry but Fig. 32d does not. Olefins may be regarded as two mem- 

O- >■<' 

Fro. 32c Fig. 32rf FiQ. 32<! 

bered rings so that Fig. 32e has an alternating axis of symmetry but 
neither a plane nor a point of symmetry. 

Five-Membered Rings. The isomeric forms of substituted cyclopen¬ 
tanes indicate that the five carbon atoms of the ring are also in one plane. 

The furanose forms of the sugars constitute important examples of 
heterocyclic five-membered rings (Figs. 33o, 336). Tlie y-lactones 
(Figs. 33c, 33d) are also important five-membered ring compounds. 




/M3!luconofuraDOBe 
Fig. 33a 


o-Gluoonofuranoee 
Fig. 336 




T-Gluconolactone d-ETythronolactoos 

Fiq. 33e Fig. 33ci 

Siz-Membered Rings- The status of cyclohexane derivatives cannot 
be regarded as settled. The study of the chemical and physical proper¬ 
ties of rin^ containing six or more atoms hag shoAvn that such ring 
systems may not be planar. Examination of the isomeric forms of fused 
' ring systems (p. 328), and oanstructioo of the models of such compiounds, 
l|gre ehawu that the carbon atoms in six or more membered ringps unite 
in & "mniwa- involving tlm minimum deviation from the regular tetra- 
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hedral angle, ana nence, according to Sachse and Mohr, form “strainless 
rings” (p. 69). 

The models of cyclohexane indicate that two forms are possible. These 
are the “boat or C-form” (Fig. 34 or 34a), and the “chair or Z-form” 
(Fig. 35 or 35a). However, no isomeric forms of cyclohexane or its 



Fig. 34a 


Fig. 35a 



Fig. 346, Fig. 34c. Fig. 34<I. 


derivatives have been isolated with certainty up to the present time. 
It seems probable that there is an equilibrium between the two forms of 
such molecules and that the two structures vibrate from one to the other 
so rapidly that the net average result is a planar molecule. 

Stuart' has constructed atomic models which represent the atoms 
in their relative sizes as deduced from x-ray data. They are so formed 
that, when appropriate atoms are linked together into a molecule, the 
relative interatomic distances are maintained in the structure. A photo¬ 
graph of the boat form of cyclohexane is shown in Fig. 34d. Benzie is 
shown in Fig. 34c for comparison. When attempts are made to build the 
chair form of cyclohexane the peculiar-appearing strainless model of 
Fig. 346 results. Although very useful and instructive, the Stuart models 
have been found in practice to represent the structures of molecules in 


> Stuart, Z. thymk. Ckem., BBT. 350 (1^7). 
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more csompact form than actually exists. Thus the conversion of the 
boat to the chair form of cyclohexane involves a much greater strain 
using these models than the chemical study of cyclohexane would lead 
one to believe. 

By Aathematical analysis Brodetsky* believes the Z-form of the 
methyl cyclohexane ring can give rise to two isomeric moiiosubstituted 
derivatives, while Henriquez * deduce one fixed Z-modification and an 
infinite number of mobile modifications of which the C-form is one. 

The existence of boat and chair isomers would be possible only if the 
substituents were of such nature as to cause the stabilization of the 
positions of the atoms constituting the ring. The only examples of such 
a stabilization have been found among fused ring systems, which will be 
discussed in the next section. The numerous attempts, on the other 
hand, to find substituents which will cause a fixation of the two forms in 
monocyclic compounds have failed to yield convincing results. 

In a monosubstituted cyclohexane, such as cydohexanol, the boat 
form appears to exhibit position isomerism (Figs. 36, 38, 39), geometric 
isomerism (Figs. 36 and 37, 38 and 40,39 and 41), and optical isomerism 



Fig. 42 Fio. 43 


*Bt(Kleteky, Proc. ieed* PhU. Lil. Soc., 1, 870 (1929); Wightmaa, <4 

iftdiMirv. fS. 604 (1939). 

Proe. Acad. Sei. Amtttrdam, fT, 832 (1934). 
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(Figs. 38 and 39, 40 and 41). Actually, however, each of the forms 
36-41, inclusive, is convertible into the other without the necesmty of 
passing through a strained configuration; rotation is as free in these 
forms of strainless rings as in an open-chain molecule. In the chair form, 
however, the structure is rigid, so that the two possible isomers (Fip. 
42 and 43) cannot be converted into each other without momentarily, 
at least, adopting a strained configuration. Moreover, the conversion 
of a chair to a boat form involves some degree of strain. In an attempt 
to isolate chair and boat isomers, Wightman * converted 1-carbomethoxy- 
cyclohexylformic acid (Fig. 44) into 1-carbomethoxycyclohexylforma- 
mide (Fig. 45) by two methods, one involving the conversion of the 


“\C00H 

-/COOCH, 


Fia. 44 



CONH, 

COOCH* 


Fig. 45 


carboxyl group of Fig. 44 to the amide and the other the conversion of 
the ester group to the amide and esterification of the carboxyl. Two 
compounds, bearing the same relationship to each other as do the cyclo- 
hexanols of Figs. 42 and 43 or of Figs. 36 and 37, were produced. The 
two proved to be identical, showing that such isomers, if they exist at all, 
must be present as an equilibrium mixture. 

A planar model of 4-methyl-l-carboxycyclohexylacetic acid (Fig. 
46) possesses two ds-trans isomers (Figs. 47 and 48). A strainless ring 
model has theoretically eight possible forms (Figs. 49-56) on the basis 
of one chair form and one boat form of cyclohexane.* 



Fw. 49 Fio. 60 Fig. 61 Fio. 62 


A 

Fig. 63 Fig. 64 Fig. 65 Fra. 66 

^ J. Chem, Soc., 2543 (1926). 

* The student should satisfy himself on these points by a attidy of the modela 
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M. Quadrat-I-Khuda * reported four isomers of the compound shown 
in Fig. 46, but Goldschmidt • found that two of the isomers reported by 
Khuda were merely molecular compounds of the other two. Miller and 
Adams ’ obtained further evidence from a study of 4,4-dimethyl-l-car- 
boxycyclohexylacetic acid and 4,4-dimethylcyclohexyI-l,l-diacetic acid 
that isomers of this type do not exist. 

Vogel ® has reported having obtuned methylcyclohexanes in C- and 
Z-forms depending on the mode of preparation. From pure 2-, 3-, or 4- 
methylcyclohexanonra, by Clemmensen reduction, he obtained a single 
stable methylcyclohexane (d** 0.7693, no 1.42316) identical with that 
resulting from the dehydration of 2-methylcyclohexanol followed by 
reduction. However, the methylcyclohexane prepared by a modified 
Wolff-Kishner reduction of the pure 2- and 4-cyclohexanone semicar- 
basones had the following constants, df 0.7676, kd 1.42311, and upon 
standing several da 5 rs or more rapidly upon warming changed to a 
product with constants df* 0.7695, n® 1.42326. Vogel interpreted these 
results as isolation of an unstable and a stable form of methylcyclohexane 
reprraenting C- and Z-modifications. The acceptance of these conclu¬ 
sions must await confirmation and further experimentation. 

Up to the present, therefore, no conclusive evidence is available to 
suggest the calculation of the number of isomers of a monocyclic ring 
system with six atoms except on the basis of a planar ring. Thus, the same 
conditions obtain as in the three-, four-, or five-roembered ring com¬ 
pounds and the number of isomers is dependent on the number of asym¬ 
metric carbon atoms present. If the asymmetric carbon atoms are all 
different from each other the number of isomers is equal to 2" (where n = 
number of asymmetric carbon atoms). 

Limonene is an example of a compound with one asymmetric carbon 
atom. It exists in a d- and an Worm, Figs. 57 and 58. 


/CHr-CH,x /H H. /CH»—CHr. 

CR^C >C< >C< >C-CH, 

VjH—CH/^ >C=CH, H,C=C/ N:H,—CH^ 

<!;h, in. 


Fig. 57 


Fio. 58 


The racemic modification is known as dipentene. 

Hexahydro-o-toluic add (Fig. 69) is an example of a cyclohexane 
derivative with two different asymmetric carbon atoms. It, therefore, 

*Quadrat-l-Khuda. J. Indian Chan. 5oc., 8, 277 (1931) ; Nalvrt, 131, 110 (1933); 
mSOl (1936). 

*CM«bcbnudt and OrCfinCBr. Bor., 279 (1986). 

1 Milter a«d Adams, J. Afiu CHem. Soc., H, 787, 2669 (1936). 

■* Cowan, JOBery, and Vogel, J. Chan. See., 1862 (19^); see, also, Voael, ibid., 333 
tfi» (1084); 1323 (1938). 
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3xist8 in two racemic modifications. The same number of racemic forms 
exists for hexahydro-m-toluic acid (Fig. 60), but the jiara compotmd 
(Fig. 61) does not possess any optical isomers, since this molecule has 
no asymmetry. It does exist in two geometric forms. 



CH, CHa 

Fia. 69 Fig. 60 

CH,s^ yCHi—^COjH 
C 

^CHi—CHs^ 

Fig. 61 


The hexahydrophthalic acids illustrate cyclic compounds with two 
similar asymmetric carbon atoms. Figure 62 represents the meso or cis 



COjH COsH 


Fig. 62 
meso or cis 


form, and Figs. 63 and 64 the d- and Worms of the racemic modification 
which is trans. 



V. 


RaceKnic or trans 


COjH H 
Fla. 64 
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Hexahydroisophthalic acid (Fig. 65) also exists in meso and racemic 
modifications. The isomerism of these compounds hence parallels that 
of tartaric acid (p. 232). Hexahydroterephthalic acid (Fig. 66) possesses 



COjH 

Fig. 65 Fio. 66 


no asymmetric carbon atoms and a plane of S 3 ’^mmctry, and hence does 
not have any optical isomers. 

Menthol is an example of a cyclic compound with three different 
asymmetric carbon atoms (Fig. 67). Eight optical isomers are possible, 


CH, 

I 

*CH 

/ \ 

CHj CHs 

I 1* 

cn2 CHOH 

\ / 

*CH 


CH 

/ \ 

CH, CH, 

Fig. 67 


existing as four racemic modifications. The common form, 1-menthol 
([“]d —54.75®), is the chief constituent of oil of peppermint. 

The normal or pyranose forms of the sugars constitute important 
examples of heterocyclic six-membered rings containing five different 
asymmetric carbon atoms. Figures 68 and 69 represent the formulas 
of Or and /3-glucose. These two forms are diastereoisomers. Since 
tirere are five different asymmetric carbon atoms in the gluoopyranose 
ling, a total of thirty-two optical isomers which constitute sixteen race¬ 
mic modifications is possible. 

The substituted diketopiperazines illustrate another type of six- 
jomnbered heterocyclic ring. Alanyl anhydride or 2,5-dimethyldike- 
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topiperazine contains two like asymmetric carbon atoms and hence 
exists in an inactive or vieso form, and two optically active forms con- 


OH OH 



CH2OH 


o-Glucoee 
Fio. 68 


OH H 



H CH2OH 

^-Glucose 
Fig. 69 


stituting a racemic modification. Figure 70 represents the meso or 
inactive form, and Figs. 71 and 72 the mirror images of the racemic 

CHj CO—NH H 

X X 

H NH—CO CH, 

Fio. 70 
meso 


CHs CO—NH CH, CH, NH—CO CH, 

X X ^ X X 

H NH—CO H H CO—NH H 

v_-,-/ 

Fig. 71 Fio. 72 

dl 

modification. Examination of these three structures shows that none 
of them possesses a plane of symmetry. Construction of the mirror image 
of the model of Fig. 70, in which the methyl groups are in the trans 
position, however, shows that the mirror image is identical with the 
original. 

The molecule shown in Fig, 70 constitutes another example of a 
compound with a center of symmetry (p. 318). The molecules shown in 
Figs. 71 and 72 do not possess such a center of symmetry, 

Many-Membered Rings. Substituted rings containing more than six 
members have received little attention from the viewpoint of stereochem¬ 
istry. Evidence favors the conclusion that the same number of optical 
isomers will exist as may be calculated on the basis of a planar ring. 

An interesting experiment was performed in an attempt to resolve 
the semicarbazide of cyclononanone. The Stuart models represent this 
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moleciile as so compact that the mirror images are not interconvertible. 
The resolution failed,* however. 

Fused Sing S}^tems 

For convenience in discussion and determination of the number of 
isomers, compounds containing fused rings may be classified into the 
following groups. 

1. Alicyclic compounds in which the rings are fused through adjacent 
atoms. 

(o) Two five- (or more) membered rings fused through adjacent atoms. 

(6) Three five- or six-membered rings fused through adjacent atoms. 

(c) Two rings fused through adjacent atoms, one ring of which is 
highly strained (contains three or four atoms). 

(d) Molecules containing several rings fused through adjacent atoms. 

2. Alicyclic compounds containing five- or six-membered rings fused through 
non-adjacent atoms. 

3. Fused systems containing rings of more than six members. 

4. Molecules containing more than two fused rings. 

Group la. The same rules which are used to determine the number 
of isomers in monocyclic compounds apply to substances in group la. 
Thus, 3,3,(M)icycIobctane (Fig. 73) which has no asymmetric car¬ 
bons exists in a ds form (Fig. 74) and a trans form (Fig. 75); hex- 
ahydrobydrisdane (Fig. 76) which possesses two similar asymmetric 
carbons exists in a meso-ds (Fig. 77) and a racemic-fmns form (Fig. 78); 
methylhexabydrobydrindane (Fig. 79), which possesses two different 
asimmetric carbon atoms, exists in a racemio-a's (Fig. 80) and a 
racemio-frans form (Fig. 81); and decalin (Fig. 82) with no asymmetric 
carbon atoms exists in a da {Fig. 83) and a trans form (Fig. 84). 

The existence of the trans isomers of these substances affords the 
most conclusive evidence for the strainless configuration of rings con¬ 
taining five or more atoms. These structures follow logically the use of 
the tetrahedral carbon atoms in their construction. They are discussed 
in some detail elsewhere (p. 484). 

Optical isomerism is found only in the trans form of hexahydrohydrin- 
dlane (Fig. 78) and in the ds and trans forms of methylhexahydrohydrin- 
dan^ (figs. 80 and 81) as it is only these forms which possess non- 
mp^iznposable mirror images. 

f MSrvd and GIsm, J. Am. Ckem. Soe., SO, 1061 (1938). 
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IH* 

Hy 


—CH- 

Fig. 73 



Fig. 74 


0<P0 

Fig. 76 




Fig. 77 


Fig. 78 



The decahydro-a- and -/3-naphthols (Figs. 85 and 86) and decahydro-iS- 
naphthylamine (Fig. 87) constitute examples of fused strainless rings 
possessing three asymmetric carbon atoms (marked *). Each of these 
compounds may exist in eight optically active isomers (2*) which con¬ 
stitute four racemic modifications, all of which have been isolated. 



Fig. 86 



Fig. 86 


Fig. 87 


In view of the fact that molecules containing two fused rings of the 
type just discussed are of very common occurrence, a generalization 
concerning the possible number of isomers is desirable, It is assumed in 
these generalizations that no asymmetry is present in either ring which 
would necessarily increase the number of possible isomers. 
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A compound containing two similar unsubstituted rings of five or 
more members, fused through two adjacent atoms, may exist in two 
geometric forms, a cis and irons, both of which will be inactive and 
incapable of resolution owing to the absence of asymmetry in the 
molecules. 

If the two similar rings are substituted either on the fusion atoms or 
in the rings and the substituents are so placed that neither of the two 
fusion carbon atoms is asymmetric the cis and trans forms will also be 
inactive and incapable of resolution. 

If the substituents are so placed that the two fusion atoms are asym¬ 
metric and identical, the cis and the trans forms may be either mesa or 
racemic, depending upon the positions of the substituents. Such 
examples are shown in Figs. 88 and 89. The trans form of Fig. 88 is 
mesa; that of Fig. 89 is racemic. 





Fia. 88 




Fia. 89 


If the substituents are so placed that the two fusion atoms are 
asymmetric and not identical, both the cis and trans forms will be 
racemic. 

A compound containing two unsubstituted rings, each of a different 
size and each of five members or more, fused through adjacent atoms 
may exist in cis and irans forms; the fusion atoms will be asymmetric 
and identical, and consequently the cts form will be meso and the trans 
form racemic. The introduction of substituents in the molecule, either 
on the fusion atoms or in the rings, may also lead to fusion atoms which 
are asymmetric and identical and result in ds-meso and trans-racemic 
forms. If, however, the substituents are so placed as to cause the 
fusion atoms to be asymmetric and not identical, both the cis and trans 
forms will be racemic. 

Group lb. If three five- or «a>membercd rings are fused through the 
same two adjacent carbon atoms, a rigid structure results as shown in 
Fig. 90. 

No ds and trans isomers can exist since interchange of two of the 
linkageg at each of the fusion carbon atoms would involve impossible 
strains. In the existing form shown, optical isomerism may occur only 
ettdr of the three rings is different from the others since only in 
imeh baioiecttles are the elements of symmetry absent. 
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Group Ic. In a molecule with two rings fused through two adjacent 
carbon atoms, one ring of which is highly strained as in three- or four- 
membered rings, only one geometric form is found. Thus, in cyclo¬ 
hexene oxide (Fig. 91), a sLx-membered cyclohexane ring and a three- 
membered ethylene oxide ring are fused together. As the two hydro¬ 
gens are on one side of the six-membered ring and the oxygen on the 
other. Fig. 91 represents a cis modification which is meso. The hypo¬ 
thetical trans form is shown in Fig. 92. The hydrogens on opposite 



Fro. 91 



sides of the six-membered ring necessitate a linking of the valencies of 
the oxygen atom through trans positions. This structure involves such 
a tremendous strain that this isomer cannot exist. Hence, only one 
form of cyclohexene oxide is known, the cis or imso form. 

If the restraining effect of either of the rings is removed by opening 
them, the normal number of forms is obtained. For example, the glycol, 
Fig. 93, exists in a meso or cis form and a trans or racemic modification. 
2-Chlorocyclohexanol (Fig. 94) may exist in four optically active forms 
composed of two racemic modifications, but treatment with alkali yields 
only one inactive cyclohexene oxide. These examples illustrate the 
fre^om conferred on the groups by the removal of the thxee-membered 
ethylene oxide ring. 

Removal of the cyclohexane ring leads to ethylene oxide which, of 
course, cannot exist in stereoisomeric forms, but its carboxylic acid 
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derivatives can. Thus Fig. 95 represents the mesa form and Fig. 96 the 
irans or racemic modification of ethylene oxide dicarboxylic acid. Both 
forms are known. The mesa and racemic forms of 2,3-epoxybutane have 
also been obtained. 



Fia..93 



Fiq. 94 


H CO»H 

i—(!) 


COaH COsH 
\^ 0 '\ 

H H HOaC H 
Fig. 96 Fio. 96 


For the present discussion a cyclic molecule containing a double bond 
in the ring may be considered a t 3 rpe of double ring system fused on 
adjacent carbons, one ring of which merely has two atoms. As a result 
of the previous considerations the same situation should obtain as in 
fused ring molecules containing one highly strained ring. Existence of 
a single geometric form, a cis modification, would be expected; thus 
cyclohexene or cyclopentene may be cited as examples, each of which 
has been isolated in a single form only. The olefinic ring must be of 
sufficient size (p. 336) to allow the trans modification of the olefin to be 
formed without appreciable strain before both geometric isomers may 
be anticipated. No such compounds have been obtained experimentally. 

Group Id- When several rings are present in a molecule, each fused 
to the next one through two adjacent atoms, the stereochemistry of each 
individual substance must be considered independently. The strains in 
compounds of this kind will be contingent upon the fashion in which the 
rings are fused. Actually the number of isomers which can exist will 
usually be much smaller than that calculated on the basis of the asjun- 
metric carbon atoms present. Thus, dihydrocholestcrol (Fig. 97) repre- 



a^ts a fused system of rings. Inspection of the formula shows the pres- 
Cstoe of nine as 3 rmmetric carbon atoms, six of which are fusion atoms. 

theorerical number of possible optical isomers is 512, but only a 
IBtaall jfractlon of these may actually be constructed without strains 
fgtmtex tfaail are ordinarily found in organic molecules. The bile acids, 
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the sex hormones, the various reduced sterols, and their derivatives (p. 
1341) constitute important examples of fused ring systems. 

Group 2. The fusion of two strainless five- or six-membered rings 
through non-adjacent atoms also leads to a rigid structure which does not 
permit the formation of aU the isomers calculated on the basis of the 
number of asymmetric carbon atoms. The stereochemistry of such com¬ 
pounds can best be understood by consideration of specific examples. 

The structural formula of camphor has been shown to be that of 
Fig. 98. Examination of the formula shows that carbon atoms 1 and 
4 are attached to four different groups and hence asymmetric. The 
presence of two different asymmetric carbon atoms would normally lead 
to the prediction of four optical isomera. However, construction of this 
molecule using tetrahedral carbon atoms reveals the fact that only one 
arrangement of the rings about the fusion carbon atoms is accompanied 
with essentially no strain. The other form in which two bonds on each of 
the fusion carbon atoms are interchanged would impose an impossible 
strain upon the rings. Camphor, therefore, exists in only a d- and Ir 
modification. Schematic projections of the space model are represented 
in Figs. 99 and 100. Both forms occur naturally, and an equimolecular 
mixture of the two constitutes di-camphor. 



PiQ. 98 Fw. 99 Fia. 100 


Reduction of the keto group of camphor to the secondary alcohol 
group generates a new asymmetric carbon atom (Number 2) (Fig. 101). 
Since this carbon atom may give rise to d- and i-forms a total of four 


CH, 

I 

CHi-C-CHOH 

■ ji * 

CHs-C-CH, 

5 k > 

CHj-C-CH, 

i 

Fig. 101 


CH, 
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optically active fonns should exist, as in fact they do. Both dr and U 
bomeol, and d- and Wsobomeol are known. 

Complete reduction of camphor or the bomeols leads to camphane 
(Fig. 102), which cannot exist in optically active isomeric forms since it 
possesses a plane of symmetry. 

Cocaine is another molecule of this sort. It is a naturally occurring 
alkaloid whose structure is represented in Fig. 103. Two asymmetric 
carbons, numbers 2 and 6, are involved in the rigid fusion of the pyrroli- 

H H 

OT.-4- 

NCH, , 

7 « I 

CH,-jC- 

H 

Fig. 103 


<^COC^5 
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dine and piperidine rings and consequently lead to a single geometric 
form, which is racemic. With two additional asymmetric carbons present 
2* or 8 active forms constituting four racemic modifications may be 
expected. 

Two six-membered rings may be fused through adjacent atoms, 
through atoms with one carbon atom between, or through atoms sepa¬ 
rated from each other by two carbon atoms as shown in Fig. 104. 




CH* CH* 

17 


CH, 



Fio. 104 


Substances in this group are no different from those previously 
fisKribed. Only one geometric form is possible on account of the strain 
jstyolved in the isomer. Since the molecule in Fig. 104 is symmetrical, 
it ibi obvious that no optical isomerism can exist. This condition still 



OPTICAL ISOMERISM 


33d 


holds if the fusion carbon atonus 1 and 4 hold different groups or if one 
of the rings is made different from the others by substitution, for ex¬ 
ample, of two methyl groups in the 2-po8ition. Only if each ring differs 
from the other two is symmetry destroyed and optical isomerism becomes 
possible. This may be illustrated by a molecule in which two methyls 
are substituted on carbon 2 or 3 and two ethyls on carbon 5 or 6. 

An important specific example of this type of fused ring system is the 
substituted quinuclidine nucleus which occurs in quinine and cinchonine 
(p. 1202). Inspection of the structure of quinine (Fig. 106) shows the 
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presence of a bicyclic nucleus similar to that of Fig. 104 in which one of 
the fusion carbon atoms has been replaced by nitrogen. This causes the 
same type of rigidity in the molecule and eliminates the trans form. 
As a consequence, this fused ring system in conjuction with three other 
asymmetric carbon atoms makes possible the existence of 2* or 16 
optical isomers of which the naturally occurring alkaloid is one. 

Various combinations of five- and six-membered rings are obviously 
possible. All molecules of this type exist in only one geometric form, and 
the presence of optical isomerism in this form will depend upon whether 
the molecule has elements of synunetry. 

Group 3. The molecules discussed in groups lf>, Ic, Id, and 2 have 
been limited to saturated rings of five and six members. If double 
bonds are introduced into the ring systems in groups lo, b, c, d, and 2 the 
strains may be considerably modified and the number of isomers may 
be less than it would otherwise be. This is especially true in compli¬ 
cated molecules with several fused rings. „ . 

It has been clearly demonstrated experimentally that five- and six- 
membered rings with aUene or acetylene linkages cannot be prepar^. On 
the other hand, a seven-membered ring containmg an aUene linkage 


»• Favoraky, BvU. toe. chim., [6] 3,1727 (loafti 



336 


ORGANIC CHEMISTRY 


has been reported (Fig. 106) and a fifteen- and a seventeen-membered 
ling containing an acetylene linkage (Fig. 107). This suggests that, in 
all probability, in fused ring systems, both da and irans isomers may be 
anticipated provided that one or both rings are of such size that inter¬ 
change of linkages at the fusion carbon atoms may occur without serious 
strain (Figs. 108 and 109). The number of geometric and optical isomers 
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will then be coincident with that calculated on the basis of strainless 
models. These predictions have not been tested experimentally. 

Groi^ 4. Many natural and synthetic compounds contain more 
than two fused rings. The general principles of stereoisomerism involved 
in these systems are the same as those in molecules with two fused 
rings. However, each additional ring fused to the molecule modifies 
to a certain extent the individual strains in each ring. Although theo¬ 
retical considerationB make possible a large number of stereoisomers in 
such complex molecules, actually very few forms exist. The limited 
number is probably due to the strains involved in the formation of such 
isomers. 

PART Vn. OPTICAL ISOMERISM OP COMPOUNDS CONTAINING NO 
INDIVIDUAL ASYMMETRIC ATOMS 

As mentioned in the opening sections, an asymmetric atom is only 
one source <rf asymmetry in molecules. Several types of molecules are 
known whose asymmetry is due to their siruciure as a whole. Specific 
examples of each type will be considered in order to illustrate the nature 
of the asymmetry of such molecules. 

Inositol Type. Inositol is hexahydroxycyclohexane. It occurs in 
plants as a hexaphosphoric ester known as phytin. 

There are eight possible geometrical isomers of inositol, but only one 
qI these isomers has a mirror image which is non-superimposable. The 
two enantiomorphs are ^own in Fig. 8 and the other geometrical 
isomers in figs. 1 to 7. 

n Rtttkilcs, Barbia, and BoelceiuxisaB, B«U>. Chim, Acta, 16, 498 (1683). 
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None of the three elements of symmetry previously discussed is 
present in the form, Fig. 8. Both the d- and Worms (Wo ± 65°) of 
inositol were described by Mohr ^ in 1903. The structures of the remain¬ 
ing isomers have not been established with certainty.* 



6 places of 
symmetry 
Fig. 1 


1 place of 
symmetry 

Fia. 2 




1 plane of 
symmetry 
Fio. 3 


1 plane of 
symmetry 
Fio. 4 


2 planes of 
symmetry 
Fio. 5 



1 plane of symmetry 3 planes of symmetry 
Center of symmetry Center of symmetry 
Fio. 6 Fig. 7 





dWnositol 
Fro. 8 


/ iiionac In his discussion of the spatial distribution of the valence 
forces about the carbon atom, van’t Hoff * in 1875 pointed out that an 

I Mohr. proiti* Chewi., [2] 68, 369 (1903). 

» Poatemak and Postemak, Heh. Chim. Acta, IS, 1165 (1920). 

• van’t Hoff, "Die Lagerung der Atoms im Raum,” Vieweg und Sohn, Braimaohweig 
(1908). 
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aUene of the fonnula shown in Fig. 9 should be capable of existing in the 
optically isomeric forms shown in Figs. 10 and 11 if the carbon atom 
possesses a tetrahedral configuration. Examination of the models of 
Figs. 10 and 11 shows that they possess no plane of symmetry. The 
groups ab and cd do not lie in the same plane, and the structures of 
Figs. 10 and 11 are non-superimposable mirror images. 

Fio. 9 



Somewhat later it was pointed out that any allene with two different 
groups on each of the terminal carbon atoms should be capable of existing 
in optically isomeric forms, Figs. 12,13, and 14. It is not necessary that 
four different groups be present as in Fig. 9. 



Following these theoretical predictions numerous attempts were 
made to prepare allenes containing groups which not only would fulfill 
the necessary stereochemical requirements but also would contain 
reactive groups permitting resolution. 

It was not until 1935, sixty years after van't Hoff’s prediction, that 
experimental verification was secured. Mills and Maitland * in 1936 
accomplished a catal 3 d.ic asymmetric dehydration of the alcohol shown 
in Fig. 15 by means of the optically active camphorsulfonic acids. 

C,H.. /CJI. C,H., /C,H, 

>>=CH—C< -♦ >C=C===C< + H,0 

(alCioHr^ (a)CioHr 'H3ioH7(i*) 

Fig. 16 Fia. 16 

When the dehydration was carried out with an optically inactive 
' natalyat the racemic form (m.p. 244*) of the allene in Fig. 16 resulted. 

* Maif nod Maitland, Nalwe^ IM, 994 (1936); J. Chem. Soe., 987 (1936). 



OPTICAL ISOMERISM 


33d 


When the alcohol of Fig. 15 was boiled with a 1 per cent benzene solu¬ 
tion of d-camphor-lO-sulfonic acid an optically active allene was obtained 
which had a rotation of [aJsSei -f- 437°. Similarly treatment of the 
alcohol with l-camphor-lO-sulfonic acid gave the fevo-rotatory allene 
[«] 646 i ~ 438°. The optically active isomers melted at 159°. When 
mixed and crystallized from a solvent the resulting racemic compound 
melted at 244°. Mills and Maitland proved by several methods that 
the products obtained by dehydration of the alcohol of Fig. 16 were 
allenes and not substituted indenes. 

Kohler, Walker, and Tishler ® completed the first actual resolution of 
the racemic form of an allene. In 1910 Lapworth and Wechsler ® pre¬ 
pared the allenic acid shown in Pig. 17. Kohler and his students repeated 
this synthesis and established the structure of the allenic acid by showing 
that it absorbed four atoms of hydrogen and that ozonization produced 
benzoylformic acid and phenyl a-naphthyl ketone. They were unable to 
resolve it, however; but the glycolic acid ester (Fig. 18) was prepared. 


COjH 

1 

C.H60=C=C. 
Fiq. 17 


CaHs 

'C,oH,(a) 


COCl 

CeHsC=C 


•CeHs 

•CioH,(a) 


COaCHjCOzH 

/C,H5 


C6H6C=C=C 


N:ioH,(a) 


Fig. 18 


and fractional crystallization of the brucine salts effected a resolution of 
this molecule. Decomposition of the diastereoisomeric brucine salts 
gave the d- and Worms of the acid, Pig. 18. The d-form melted at 145- 
146° and had a specific rotation in ethyl acetate of -|-29.5°. The Worm 
melted at 144-146° and had a rotation of -28.4°. An equimolar mix¬ 
ture of d- and Worms produced a racemic compound melting at 196° 
which was identical with the original racemic modification of Fig. 18. 
Hydrolysis of the active form of the compound shown in Fig. 18 yielded 
an active compound corresponding to Fig. 17 which was not isolated in 
crystalline form but which gave optically active crystalline esters.’ These 
investigations by Kohler leave no doubt as to the correctness of van’t 

•Kohler, Walker, and Tidilca', J. Am. Chem. Soe., 67, 1743 (1036). 

* Lapworth and Wechsler, J. Chem. Soe,, VI, 38 (1910). 

’ Kohler and Whitcher, J. Am. Chem. Soo„ 0t, 1489 (1940). 
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Hoff’s prediction and constitute further evidence in favor of the tetra* 
hedral carbon atom. 

Molecules not far different from allenes in their general structure may 
be illustrated by 4-methylcyclohexylideneacetic acid (Fig. 19), which 



Fio. 19 


was resolved by Pope, Perkin, and Wallach * in 1909. In this molecule 
one of the double bonds of the allene structure has been replaced by a six- 
membered ring. The methyl and hydrogen on carbon atom 4 lie in a 
plane perpendicular to the plane containing the carboxyl group and 
adjacent hydrogen (Fig. 20). The molecule has none of the elements of 
symmetry, and its mirror image is non-superimposable. 



Spiranes. If both double bonds of an allene are replaced by rings, 
spiranes result (Figs. 21, 22, 23, and 24). Construction of the models 
of these molecules shows that the planes of the rings are perpendicular 
to each other. In 1902 Aschan • pointed out that properly substituted 


h 

1 / 


<\ [>a 


Fio. 21 


Fra. 22 


Fio. 23 


Fra. 24 


•Popt, Perkiii, and WalUdl. Ann., m, 180 (1909) ; J. Chsm. Soe., M, 1789 (1909>; 
ipistea and Pape, 99, 1610 (1911)- 
•Anafawi, Jer., M, 3389 (1902). 
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spiranes are asymmetric molecules and hence should be capable of reso¬ 
lution. 

No optically active forms of substituted spirocyclopentanes (Fig. 21) 
are known. The substituted spirocycloheptane shown in Fig. 25 was 



Fio. 26 

resolved in 1932 by Jansen and Pope by means of d- and f-camphor- 
lO-sulfonic acids. 

The dilactone, Fig. 26, was resolved by Mills and Nodder “ in 1920. 



i / 
O-CO 

Fio. 26 


Shortly afterwards Leuchs “ resolved i»is-<iihydrocarbost3Til-3,3'- 
spirane-6,6'-disulfonic acid (Fig. 27) by means of quinine. Badulescu 
resolved the related spirane. Fig. 28. 



H,N 



/CH, CHj. 

V 

^N-CO CO-N 
H H 

Fio. 28 





—NHs 


Bdeseken “ obtained evidence indicating the probability of optically 

Janaon and Pope, ChemUtry & Industry, 61, 316 (1932). 

Mills and Nodder, J. Chem. Soc., 117,1407 (1920). 

Leucha, Conrad, and v. Katinssky, Btr., 66, 2131 (1922). 

'•Raduleaou, Bxd. toe. Stiate Cluj, 1, 306 (1922)', ICliem. Zenir., (H), 139 (1023)]. 
SOeaeken and F^x, Btr., 61, 1865 (1928). 
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aoMve fomos of the spirane (Fig. 29) produced by condensation of 
pentaeiythritol with pyruvic acid. 


C(CHsOH)4 + 2 CH 3 COCO 2 H 

HaCv /O—CH,. /CHir-0\ /CH* 

><O^H><OH^oXco^ 

PiQ. 29 


HOaC-' 


H 


+ 2HjO 


Gibson and Levin “ recently ressolved the closely related spirane 
shown in Fig. 30. 



In aU the spiranes thus far discussed only one racemic modification 
is possible. The general formulas for the optical isomers of such com¬ 
pounds may be represented by Figs. 31 and 32. 

If other asymmetric atoms are present then the number of isomers is 
increased. Thus, in the compound shown in Fig. 33 there are two 
asymmetric carbon atoms (marked *) in addition lo the spirane atom. 



H H 



Fra. 33 


Such a molecule may exist in six optically active forms which consti¬ 
tute three racemic modifications. Leuchs^ actually obtained three 
racemic forms of the compound of Pig. 33. Sutter and Wijkman ” 

WQUMon and liovia, Proe. &>e. (.Lmim), A141,494 (1933). 

■IjMMIu, per., SB, 2131 (1022). 

Wijkman. Ann., IIO, 97 (1033). 
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also prepared the three racemic modifications of the, dilactone, Fig. 
34. 


H 


H 


CH,—C—CH 


CH2—C—CH, 


CO—O'' ''O-CO 

Fio. 34 


Substituted Biphenyls and Other Compounds Exhibiting Restricted 
Rotation. A fourth general type of molecules containing no individual 
asymmetric atoms consists of certain substituted biphenyls and related 
compounds. Since this field is so extensive and since it involves the new 
concept of restricted rotation, Part VIII of this chapter is devoted to a 
detailed discussion of this type of isomerism. 


PART Vm. ASYMMETRIC MOLECXJLES WITH RESTRICTED ROTATION 
ABOUT SINGLE BONDS 

Introduction 

Examination of the models of the three types of asymmetric mole¬ 
cules containing no individual as 3 Tnmetric atoms (inositol, spiranes, and 
allcnes, p. 336 ff.) shows that these molecules owe their asymmetry fun¬ 
damentally to the concept of the tetrahedral carbon atom. However, a 
fourth group of such asymmetric molecules is known, the structure 
of which is characterized by an additional concept, that of restricted 
rotation about a single bond. This new concept of restricted rotation, 
together with a few additional principles, constitutes the fundamental 
basis for the stereoisomerism of the derivatives of biphenyl and their 
analogs. 

Fundamental Assumptions 

In a general consideration of asymmetric molecules with restricted 
rotation about a single bond, the structural factors involved may best 
be understood by selecting two univalent radicals R— and R'— which 
may be the same or different. Each of these must possess a plane of 
symmetry, denoted by 5 and S', which obviously must include the free 
Valences, denoted by P and P'. A plane of symmetry is a necesaty in the 
radicals so that asymmetry in the molecule produced by combining the 
two radicals cannot be assigned to the particular structure of any com¬ 
ponent part of the molecule. Such radicals, moreover, must possess 
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ooly one plane of symmetry. For example, the tetrahedral radical 

—0-^ shown in I would fulfill this condition, but —O —a would not. 

\a 

The latter has three planes of symmetry each drawn through the free 



valence and one of the a’s. Provided that the single plane of symmetry is 
assumed, the radicals may possess any kind of geometric structure, and 
these may be illustrated by specific examples in II and III. If these 

R R' 




two radicals are joined by their free valences, a “pivot bond" between 
the m is formed (IV) and the two atoms to which the pivot bond is at- 
tadied may be called pivot atoms. Assuming that this union occurs 
trittout distortion of the radicals, the {»vot bond lies in both planes 8 
IMad ^ reejutdleas of thdr positions relative to each other. If the radicals 
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are free to rotate about the pivot bond, the planes S and 8' at some phase 
in the rotation become coplanar as shown in IV. Hence the molecule 



has a plane of symmetry and therefore cannot exist in enantiomorphic 
forms. 

On the other hand, if free rotation of the radicals about the pivot 
bond is restricted so thatjS and S' cannot become coplanar, then a struc¬ 
ture such as that shown in V results. The plane <S may be assumed to 
be in the plane of the paper and S' at any angle to the paper. A mole¬ 
cule with this structure, owing to the restricted rotation about the 



pivot bond, has none of the elements of symmetry and hence its mirror 
image shown in VI is not identical with it. A careful scrutiny of V and 
VI indicates that these mirror images cannot be made to coincide with 
each other. This general concept of the existence of enantiomorphic 
forms emphasizes the two essential prerequisites for observance of 
optical isomerism in compounds of this type: (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
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radicals united by the pivot bond has one and only one plane of B}an- 
metry. In molecules in which there are no sources of dissymmetry be¬ 
sides the pivot bond with restricted rotation, the only form of stereoiso¬ 
merism which can occur is enantiomorphism. 

The general statement assumes no particular structure for R— 
or R'—, nor does it refer the hindrance of rotation to any particular 
cause. It admits, however, as a special case, molecules such as biphenyls 
and their analogs in which P and P' are free valences attached to rather 
rigidly constructed planar rings. Thus, a substituted biphenyl of this 
type is shown in VII and VIII. The rotation about the pivot bond 

Mirror 



vn • vm 


connecting the pivot or 1,1' carbon atoms is restricted by the presence 
of the a and b groups in the ortho positions. The presence of the a and b 
groups in each ring eliminates all planes of symmetry in each component 
radical except that which extends through the plane of the ring in which 
a, b, and the pivot bond lie. 

The generalized form of theory just given does not attempt to fix the 
cause which accounts for the restricted rotation. Nevertheless, in every 
case of isomerism of this type now known, the experimental data are 
consistent with the assumption that the restriction of rotation is due to 
interference between atoms or groups in close proximity to the pivot 
bond or bonds. Thus, in application to date the “restricted rotation” 
theory coincides with a more specialized “interference theory” which 
not only a^umes restricted rotation but assigns mechanical or other 
interference between portions of the molecule as the cause of restriction. 
This “interference theory” postulates a new variety of steric hindrance. 
The history of the new doctrine, however, has been widely different from 
that of the old theory of steric hindrance. The main,distinction between 
the two is that the new theory leads directly to predictions as to the 
number of isomers to be expected in given cases, whereas the old one 
could be applied only to dynamic phenomena such as rates of reaction. 

Wherever restrict rotation is due to such interference it is obvious 
fitat, in such molecules, the R and R' groups which are joined to form the 
imdeoule might equally well be asymmetric. Under these conditions, 
tibe restriction of rotation introduces a new center of asymmetry and 
makes theoretically possible additional stereoisomers over and 
those present if free rotation is assumed. 
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Introduction to Optical Isomerism of Biphenyls ^ 


The discovery of optical activity among biphenyl derivatives was 
due to a curious sequence of events arising out of Kaufler’s attempt to 
explain the fact that benzidine exhibited certain properties which did not 
appear normal for a bicyclic molecule with coplanar rings. In 1907 * 
he proposed for biphenyl derivatives the folded structure represented 
by IX. Extensive investigation during the succeeding fifteen years 
tended to support such an hypothesis, but much of the experimental 
work was later shown to be erroneous. Subsequent studies of biphenyls 
entirely disproved the folded structure. It was during a research on this 
problem that Christie and Kenner,® in 1922, successfully resolved one 
of the dinitrodiphenic acids (X). These experimental results remained 



unchallenged and led to attempts in many different laboratories to re¬ 
solve various biphenyl derivatives. It speedily became evident that 
some of them, such as those in Series A, could easily be resolved, whereas 
others, such as those in Series B, resisted all attempts at resolution. 


NO, 



Series B 


‘ *a.m. and Yuan, Chem. Rev., U, 262 (1933); HiUemann, Ancew. Chem., SO, 435 
(1037.) 

» Kaufler, Ann., 381, 161 (1907); Ber., 40. 8280 (1007). 

• Chriatie *nd Kenner, J. Chem. Soc., lit, 614 (1022). 



348 


ORGANIC CHEMISTRY 


Experimental evidence favora a planar structure for a phenyl or 
subetituted phenyl group. In biphenyl, it is commonly assumed that the 
two planar rings are coaxial. The term “coaxiar’ means that the pivot 
bond, when extended, passes through the two carbon atoms pom to the 
pivot atoms. The diagrams for biphenyls are drawn in conformity with 
this assumption, hut it must be remembered that this convention is 
purely arbitrary. 

If the two rings in biphenyl itself are thought of as coaxial and copla- 
nar, the molecule has a plane of symmetry (in which the pivot bond lies) 
perpendicular to the common plane of the two rings XI. In a com¬ 
pound of the type XII, however, the substituents are so distributed that 


d)' 

-X 



XI 


a a 



b b 


XII 


no plane of symmetry exists vertical to the rings; in other words, the 
reflection symmetry of each of the two rings with respect to this plane is 
destroyed. As Christie and Kenner * pointed out, if such a molecule 
as XII is twisted so that the rings, though remaining coaxial, are no 
longer coplanar, the molecule assumes a dissymmetric configuration 
and makes enantioraorphic forms (XIII) and (XIV) possible. 



Provided that the rings could be held permanently in the positions 
indicated in XIII and XIV, the enantiomorpliic forms would be stable 
and the racemic modification of such a molecule could be resolved. 
This pertinent suggestion is not sufficient, however, for it at once raises 
the question of free rotation about the pivot bond joining the two rings. 
The dissymmetry in the coaxial-noncoplanar phases of the substances 
(XIII) and (XIV) would be destroyed during the course of free rotation, 
for in the coplanar phase (XV) the molecule contains a plane of sym¬ 
metry—the common plane of the two rings. That is to say, free rotation 
would cause a very rapid autoraoemization of the optically active com¬ 
pounds XIII and XIV, In fact, it would effectively prevent resolution. 
Hence, if the rings of such molecules as those under consideration are sup- 
poted to be coaxial but permanently noncoplanar, there must be some 
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adequate cause to prevent the free rotation postulated by the classic 
theory. 

A probable source of this hindrance to free rotation was pointed out 
almost simultaneously by Turner and Le F^vre,^ Bell and Kenyon,' 
and Mills.* The hypothesis advanced in slightly different forms is 
that the effective size of these ortho substituents conditions the occur¬ 
rence of optical activity in biphenyl derivatives—provided that on 
each ring the substituents are introduced in such fashion as to leave the 
ring with no vertical plane of symmetry. If the ortho substituents are 
sufficiently large, they interfere with one another in the coplanar posi¬ 
tion, either by the mechanical or repulsive action of their fields of force. 
Only in the noncoplanar positions is there room enough for all of them. 
Therefore, complete rotation is prevented and optical resolution becomes 
possible. 

One immediately obvious merit of the theory is that it indicates a 
reason why the biphenyls mentioned in Series A, which have at least 
thrc'e non-hydrogen substituents in the four positions ortho to the 
pivot bond, have been obtained optically active, whereas those in Series 
B with two or less such substituents could not be resolved. Two ortho 
substituents in one ring hinder the ortho substituent or substituents in 
the second ring from passing, and hence prevent the two rings from be¬ 
coming coplanar. No one of the compounds in Series B is so constructed, 
although in most of them each ring has no vertical plane of symmetry and 
only a single plane of symmetry coincident with the plane of the rings. 

In discussing the extensive results in the field of biphenyls and related 
compounds on the basis of this interference theory as a working hy¬ 
pothesis, certain of its consequences may be deduced. The deductions 
will be grouped under two heads: (A) those which apply to molecules 
containing only one pivot bond with restricted rotation, and (B) those 
which apply to molecules containing more than one pivot bond with re¬ 
stricted rotation. 

(A) Compounds Containing Only One Pivot Bond with Restricted 
Rotation. There is no reason why the phenomena observed in the earliest 
instances should be confined to simple derivatives of biphenyl. Sub¬ 
stituted binaphthyls, bipyrryls, bipyridyls, as well as mixed compounds 
like phenylnaphthalenes and phenylpyridines, should act in similar fash¬ 
ion. Indeed, there is no reason why either of the pivot atoms must be a 
ring member if the conditions for dissymmetry and interference are ful¬ 
filled. Compounds have already been prepared where only one of the 

* Turner and Le F6vro, Chemistry & Industry, 4S, 831, 883 (1026). 

» BeU and Kenyon, ibid., 49, 864 (1926). 

•MiUa, ibid., 49 , 884, 006 (1026). 
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pivot atoms is a ring member, but none has as yet been synthesized in 
whidi both pivot atoms are in non-ring structures. 

In the earlier experiments on derivatives of biphenyl it was assumed 
tiiat a given number of substituents ortho to the pivot atoms must be 
other than hydrogen, but the fundamental hypothesis does not demand 
this. Optically active compoimds in the bicyclic series containing 4, 3,2, 
or 1 non-hydrogen substituents in the four positions ortha to the pivot 
bond have been obtained. In fact, a hypothetical optically active mole¬ 
cule with no ortho non-hydrogen sul»tituents can be written and will be 
discussed in the latter part of the section. 

The occurrence of enantiomorphism in biphenyls depends upon the 
specific properties of the univalent substituents present. If these sub¬ 
stituents are designated by a, b, etc., it is impossible to determine by 
inspection of the type structural formula whether the substance exists 
in enantiomorphic forms. 

In the biphenyl and closely related series, when the dissymmetry 
conditions have been met, the occurrence of enantiomorphism would be 
expected to depend upon (o) the aze of the ortho substituents; (b) the 
effect of the various influences on the length of tlie pivot bond and the 
rigidity of the ortho substituents. Temperature and solvent would be 
expected to play a role. Furthermore, substituents other than ortho 
might modify the relations of the groups to one another around the pivot 
bond. 

(B) Compounds Containing More Than One Pivot Bond with 
Kestricted Rotation. Considerations analogous to those discussed under 
(A) hold here. Compounds such as dipyrryl benzenes, for example, 
^ould act much like diphenyl benzenes. The dissymmetry and inter¬ 
ference conditions are the only ones necessary for the occurrence of 
stereoisomeric forms. Molecules with proper ortho substituents have 
been obtained in the expected number of isomers, but it is possible to 
formulate compounds which should exist in stereoisomeric forms though 
no or0u> substituents are present. 

With two pivot bonds and restricted rotation, various forms of 
stereoisomerism can occur. Optically inactive meso forms, pairs of 
optically inactive diastereoisomers (cis and trans) may result if the uni¬ 
valent substituents are properly distributed over the molecular skeleton. 

All forms of stereoisomeric among these compounds depend upon 
the specific properties of the univalent substituents and cannot be in¬ 
ferred by consideration of the type structural formula alone; they de- 
|tend on the same specific influences (size of substituents, temperature, 
iolveot, etc.) which condition the occurrence of enantiomorphism in 
oan^oomis contaimng only one pivot bond with restricted rotation. 
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X-Ray Data 

Mills,* in proposing the purely mechanical idea of steric hindrance 
between the ortho substituents in the substituted biphenyls so as to re¬ 
strict rotation, built up a model from atoms drawn to scale. He was thus 
able to demonstrate that two bulky ortho substituents in the one ring 
would interfere with the free rotation of the second ring, owing to col¬ 
lisions between them and the third ortho substituent. For example, in 
2-chloro-6,6'-dicarboxybiphenyl (XVI) the carboxyl group attached to 



the lower nucleus can pa.ss neither the chlorine atom (large shaded circle) 
nor the other carboxyl group, and hence is confined to a limited region in 
front of the plane of the upper ring. On the other hand, if two of the 
groups are small, free rotation is possible. This is in accord with the facts 
in the case of diphenic acid and its derivatives in which the remaining 
two ortho hydrogens are unsubstituted, for in these compoimds the two 
ortho hydrogen atoms are not bulky enough to prevent the free rotation 
of the two rings about their common axis. 

The further application to the biphenyl problem of values of atomic 
size, obtained by physical measurements, was a natural development. 
Atomic dim ensions inferred from x-ray data were used to demonstrate 
the probability of collision between the amino and methyl groups in 
2 , 2 '-dimethyl- 6 , 6 '-diaminobiphenyl.’ 

^ Meiaenheimer uid Hsrii^ 60 , 1425 C1027). 
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Methods have been suggested which permit definite predictions con¬ 
cerning the resolvability of any given biphenyl. Stanley and Adams * 
called the difference between the sum of the intemuclear distances * of 
the 2,2'-substituent8 and the distance between the 2,2' ring carbon 
atoms • (2.90 A) the “interference value" and demonstrated that this 
value measured the relative degree of interference that might be expected 
in the molecule. Where the interference value was negative, the com¬ 
pound could not be resolved; where positive, it could be r^olved. Mole¬ 
cules with only a slight positive interference value racemized readily. 
The estimated interferences paralleled to a surprising degree the relative 
racemization rates of 2,2',6,6'-tetraBubstituted biphenyls as found 
experimentally but did not conform to the results obtained in the study 
of 2,2'6-tri- or 2,2'-disub8tituted compounds. The method Ls purely 
empirical. 

The building of models for the biphenyls in which the atoms are 
drawn to scale as spheres and then predicting the interference of the 
2,2'-8ub8tituents has been a common procedure. It Is uniformly satis¬ 
factory only for the 2,2',6,6'-tetrasubstituted biphenyls. It involves 
arbitrary assumptions as to the effective diameter of various atoms (i.e., 
as to how close atoms can approach without interfering), and thus like 
the previous approach to the prediction of resolvability must be con¬ 
sidered empirical. 


Ei^rimental Evidence for the Coaxial-NoncoplanaT Model 

The concept of the coaxial-noncoplanar configuration and the theory 
of restricted rotation are more or leas inseparable. Actually the former 
is much more fundamental and the latter supplementary. Experiments 
which may verify the restricted rotation theory incidentally will prove 
the noncoplanar configuration. On the other hand, those investigations 
which offer merely additional evidence in favor of the noncoplanar model 
may advantageously be oonddered separately for the clarity of presenta¬ 
tion. 

The biphenyl molecules with three or four substituents in the 
2,2',6,6'-positions which have been resolved are now well over fifty in 

' Stanley and Adama, J. Am. Chem. Soe., H, 1200 (1930). 

* Tbe ‘'intemuctear diataane'’ refert to the distance, aa determined by x-rays and 
adjusted tor aromatie compounds, from the lios carbon atom to the substituent tpronp, 
Ca, NOi, CH>, etc. Where tlw mibstitueat has htoms or groups attached to it, as tl^ 
NOi or CB*. allowance was made for tbe additional effect of sui^ atoms or groups. 

* Char, Indian J. Phy$., 7,4S (1922). 

w I sari i e and Turner, /. Chm- Soe., 2021 (1032). 
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number and represent a wide variety of t 3 T)es. A description of these 
may be found in the original publications.*’’'**"*® 

A natural extension of the study has been made into fused ring 
systems. If the coaxial-noncoplanar view is correct, properly substituted 
binaphthyls, bianthranyls, and molecules of a similar nature should 
show optical isomerism. Many such compounds have been resolved.*®"®* 
Elimination of Optical Activity through 2,2^-Ring Closure. One of 
the most interesting and convincing pieces of evidence demonstrating 
the noncoplanar structure for substituted biphenyls was found by a 
study of certain 2,2',6,6'-8ubstituted biphenyls which contain groupings 

Christie and Kenner, Chcm. Soc., 470 (1926). 

Sako, BuU. Chem, Soc. Japan, 9, 393 (1934). 
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capable ef producing rings tiuough the 2,2''poeitioiis. When 2,2'- 
<iimethyl-6,6'-diaininobiphenyl ^ (XVII) is acetylated, the introduction 
<rf acetyl groups does not effect any noticeable raoemization. The diace¬ 
tyl compound (XVIII), in turn, is oxidized to the dicarboxylic acid 
(XIX) which is still optically active, but when the latter is hydrolyzed 
by cold add, an inactive dilactam (XX) is obtained. 


COCH, 




COCH, 



CO-NH 



NH-CO 

(Inactive) 

XX 


The same phenomenon was noticed in 2-nitro-6,6'-dicarboxybiphenyl, 
the d-form of which produces the corresponding optically inactive 
fluorenone when it is warmed with sulfuric acid. The fluorenone could 
not be resolved.”' ” Similar observations *•’ were made on other 
compounds in which a five- or six-meanbered ring linked the 2- and 2'- 
podtions. 

Hie disappearance of optical actidty cannot be attributed to race- 
mization, since the optical isomers are stable imder the conditions of ring 
dosure. Before the 2- and 2'-positions are linked in a ring the molecule 
has the ooaxial-noncoplanar configuration. On the bads of the present 
knowledge of the stereochemistry of ring compounds, five- or dx-mem- 
bered rings joining the two benzene rings of a biphenyl nucleus through 
ortho podtions are planar. As soon as the 2- and 2'-carbons are linked by 
fflidh a ring system, the two halves of the molecule are forced into a 
0 i^lanar configuration. Thus a plane of symmetry is introduced into 
nu^oule and optical activity disappears. 

,' f, WaWt Wd RoWtutm, J. Chem* Soc., 2234 {1897). 

Jti.f'MKBhaaad JMob, Bor., S8,1432 

and Koohmiuin , Am . Ckcm . 8m., 4S , 2009 ( 1924 ). 
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It is accepted that rings larger than six-membered are OTdinarily 
strainlese and nonplanar. If the 2- and 2'-positions in a resolvable 
biphenyl derivative are linked therefore in a strainless ring, the two 
nuclei of the molecule can still be noncoplanar and the potential optical 
activity can remain. This was demonstrated by the condensation of 
(i-2,2'-diamino-l,l'-binaphthyl with benzilj ** the product was highly 
active (XXI). In this case the 2,2'-carbons are in an eight-membered 
ring. Several analogous optically active molecules containing seven- 
membered rings have been described, of which one is shown in 
formula XXII. 




Unsymmetrical Substitution in Each Ring. It is implied in the 
coaxial-noncoplanar model of a biphenyl that each ring in itself must be 
unsymmetrically substituted in order that no vertical plane of symmetry 
may exist and the compound may therefore be resolvable. When the 
coaxial-noncoplanar theory was first suggested, the active compounds 
known at that time, and even those prepared directly afterward, con¬ 
tained different groups in the 2,2'- or 6,6'-positions. They are repre¬ 
sented by examples in Series C. 




B 

Series C 



However, a phenyl group can be unsymmetrically substituted in 
several ways.”' ” All the 2,2',6,6'-positions may be occupied by 
identical atoms or groups, provided that substituents meta to the linkage 
of the two rings make each ring unsymmetrical. Formulas in Series D 

“T*ubor, Bar., »5, 3287 (1892); 26. 1703 (1803). 

** WitiiB arut Patti, Ann., 605, 28 (1933). 

** MMcnmUi, Ooat, chwn, tint., 58, 791, 866 (1928). 

•• Hyde and Adanu, J, Am, Chum. Soc„ 60, 2499 (1928). 
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represent a few of the possibilities in molecules containing at least two 
identical ortho substituents in the same ring. 


A A . . B A A A 

A A /=\ A B 





B 


A 



B A 


A 


\ 



Serin D 


A number of these have been prepared and resolved ®®’ **' 
(XXIU, XXIV, XXV, XXVI). All the active forms are exceedingly 
stable. 


CH, 


CH, 


CH, 



/ 


CH, 


NH, CH, 


CHjNH, 


xxm 


-C>ci 

Cl 

XXT 



The general idea of a coaxial-noncoplanar structure for substituted 
biphenyls, with the supplementary assumption of no vertical plane of 
synunetiy in each ring, was quickly and generally adopted. The fact 
that compound XXVII could not be resolved demonstrates that a 
symmetrically substituted biphenyl is not capable of resolution even 
ihn ngh ortho groups of the proper character may be present ** (see also 
p. 371). 


CT-3 

^—f ^ OCH. 


COiH 

xxvn 


Physical Data. Certain physical data have appeared which sup¬ 
port the noncoplanar concept. From an x-ray study *® the conclusion 
was drawn that, in certain 2,2',6,6'-derivative8 of biphenyl, the two 
rings are in planes tamed from each other at an angle not greater than 
45°, while the rings in biphenyl itself are coplanar. Dipole measure- 

wcaaric and Piokett, Md,, «S, 167 (1931); Piokett, Nature, lU, 51S (198$; Proe 
Moo- 8oe. Ctondon), IttA, 333 (1983). 
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ments” upon optically active 2,2'-diainino-6,6'-<iimethylbiphenyl (XVII) 
have led to pertinent results. Of the three possible formulas given below, 
XVIIa, which is coplanar, should give no moment, while XVII6, also 
coplanar, gives a calculated moment of 1.99 X The value actu¬ 

ally found was 1.66 X 10 thus offering evidence for formula XVIIc. 
It may be calculated from these measurements that the angle of the two 
planes in this molecule is 67°. 


NH* CH, 

CKD 


CH, NH, 


a 


NH, NH, 



h 

XVII 


NH, 

> 

CH, 



CH, 

Cl 

NH, 


Absorption spectra measurements on various biphenyls ® have shown 
that compounds with establi-shed restricted rotation exhibit a marked 
decrease in the characteristic absorption compared with similar com¬ 
pounds where this restriction is not present. This decrease is attributed 
to the prevention of conjugation between the two rings due to the non- 
coplanar configuration of the rings caused by the restriction of rotation. 

A study of resonance energies of several biphenyl derivatives also 
indicates that the rings arc not coplanar.“ 

The comparative stability of the more easily racemized biphenyls has 
been determined generally by means of half-life periods. The decrease in 
optical activity obeys the law of a reversible first-order reaction,*^ and 
the rate of raccmization may be expressed in terms of half-life periods. A 
kinetic study of the racemization of 2,2'-diamino-6,6'-dimethylbi- 
phcnyl “ has confiimed that in this case at least the racemization both 
in the gaseous phase and in solution is homogeneous and unimolecular. 
The activation energy was determined and it was concluded that approx¬ 
imately 22.5 kcal. Ls necessary to bend the bonds and overcome the 
repulsion to such an extent that the planar model is possible. It was 
deuced also that any biphenyl compounds possessing an activation 
energy for racemization less than about 20.0 kcal. would racemize too 
rapidly to be resolved. 

The activation energies of a variety of optically active biphenyls ** 

Deretnaim and Engel. Z. physik. Chem., 16B, 86 (1931). 

•• Pickett, Walter, and Franco, J. Am. Chem. Soc., 68 , 2296 (1036); Pickett, ibid., 
88 , 2299 (1936); O’Shaughneegy and Rodobush, Und,, 88, 2906 (1940). 

•• BrIlU, Oazt. chim. ital., 68, 28 (1936). 

** ICuhn and Albrecht, Ann., 488, 272 (1927); 488, 221 (1927); Smith, d . Am, Chem 
Soc., 48, 43 (1927). 

•• Kistiakewsky and Smilii, J. Am. Chem. Soc., 68 , 1043 (1936). 

4*Xji and Adams, dnd., 87, 1566 (1936). 
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witli widely varying half-life periods have been determined. They all 
fall within 18.0 and 25.0 kcal. Since the activation energies cannot be 
determined with an experimental accuracy sufficient to allow this 
constant to be used for a comparison of the relative stabiUties of such 
compounds, the half-life periods must be used for this purpose.” 

Characteristics of Biphenyl Isomerism 

The peculiarity of the stereoisomerism in the biphenyl and related 
series should be explicitly pointed out. The theory of van’t Hoff predicts 
that any compound of the type XXVIII should exist in two stereo- 


b 



1 

d 

XXVIII 


isomeric forms—assuming that the substituents a, b, c, d are univalent 
radicals which are not in themselves optically active. It is the very es¬ 
sence of this theory that the existence of the two isomers is in no wise 
dependent upon the specific properties of the individual radicals, but is 
conditioned solely by the fact that all four are different. Like con¬ 
siderations hold when van’t Hoff’s idea is applied to compounds con¬ 
taining more than one asymmetric carbon atom; they are equally ap¬ 
plicable to cyclic and to open-chain compounds; they account for the 
stereoisomerism in the allene and spirane series; and they apply also to 
molecular dissymmetry such as that observed among the inositols. Even 
the stereoisomerism attributed to elements other than carbon can be 
explained without change in this aspect of the van’t Hoff theory. 

However, the stereoisomerism in the biphenyl and related series is 
not in accord with this widespread rule. A pair of substances has been 
prepared which illustrates perfectly the impossibility of predicting the 
number of stereoisomeric forms of the compound defined only by the 
type formula XXIX. The compound 2,2',4,4',5,5',6,6'-octamethyl« 

a a a _a 

xxrz 

l^'-bipbenyldisulfonic add (XXX) was resolved into its optical antipodes 

' WAdwf* uui KornUum, <•. 1S8 (IMl). 



OPTICAL ISOMERISM 


and the active forms cannot be racemized by any of the usual methods.® 
On the other hand, attempts to resolve the corresponding biphenyl-3,3 
disulfonic acid (XXXI) were imavailing. 


H»C CH« 
CH, 


\ 

HO,S CHa 


Ha C C Ha 

CHa 
HaC SOaH 




Thus, if a is the hydrogen atom in the general formula XXIX, 
there is one form; if a is the methyl radical there are two. In other 
words, the number of forms is not a type property of the molecule, but 
depends upon the specific nature of the univalent substituents. It is 
thus evident tliat no mere extension of the van’t Hoff theory (such as 
the one introduced by Werner) can account for the stereoisomerism in 
the biphenyl and analogous series. 

The discussion of biphenyls has been limited to those which are cap¬ 
able of resolution. It is important to recognize, however, that any 
biphenyls in which the. ortho groups interfere with each other will have 
restricted rotation and a noncoplanar structure, even though they are 
non-resolvable on account of symmetrical substitution in the rings. They 
differ therefore from biphenyls in which no ortho groups are present or in 
which the ortho groups do not interfere, since the latter will have free 
rotation in the molecules. 


Experimental Evidence Relative to the Size of the 2,2',6,6'-Groups 

The preceding discussion has established satisfactorily the coaxial- 
noncoplanar structure of biphenyls which have certain substituents in 
the 2,2',6,6'-positions and are unsymmetrically substituted in each ring. 
More specific information in regard to the character of the 2,2',6,6'- 
atoms or groups and their relative effect upon the restriction of free 
rotation between the rings of the biphenyl molecule will now be con¬ 
sidered. 

Up to 1930 the antipodes of aU the known ortAo-tetrasubstituted re¬ 
solvable biphenyls were found to be highly stable; they could not be 
racemized in boiling acid, alkaline, or neutral solution. On the other 
hand, the trisubstituted compounds ® were found to raoemize in boiling 
solutions. On the basis of the obstacle theory, the difference between 
these two classes of compounds is explicable. 

The racemization of active biphenyl derivatives or mutarotation of 
their salts may be exj^ined by the fact that thermal agitation causes 
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the groups in the 2,2',6,6'-po8ition8 to slip by each other. The nuclei 
to which they are attached are thus allowed to pass through the common 
plane, and one active form changes into the other. 

The obstacle theory further leads to the prediction that, merely by 
modifying properly the size of the 2,2',6,6'-group8, optically active 
biphenyls with widely varying degrees of stability to racemization may 
be prepared. The study of the comparative rates of racemization of 
different active biphenyls offers a semi-quantitative approach to the de¬ 
termination of the importance of the size of the groups in relation to the 
blocking effect. 

Several pertinent and interesting phases of this general problem have 
been studied experimentally: (a) The preparation of 2,2',6,6'-tetra- 
substituted biphenyls which, unlike those at first studied, are non-resolv- 
able; (6) the preparation of tetrasubstituted compounds which readily 
racemize and of trisubstituted compounds which are immune to race¬ 
mization; (c) the comparison of groups by a study of the rates of racemi¬ 
zation of a series of biphenyls in which two of three substituents or 
three of four substituents in the 2,2',6,6'-positions remain constant and 
the third or fourth is varied; (d) the observation of rotational changes 
during the replacement of one or two groups in the 2,2',6,6'-poaition8 
by other groups; (c) the preparation of active 2,2'-disub.stituted and 2- 
monosubstituted biphenyls; (f) the effect on rates of racemization of a 
modification of the atoms or groups combined to the atoms attached to 
the ring in the 2,2',6,6'-positions; (ff) the effect upon the stability of the 
active molecules of additional groups substituted in positions other than 
the 2,2',6,6'; (A) the comparison of biphenyls in which the identical 
triplets of groups in the oriho positions hold different relative positions 
to each other; (f) the comparison of the rate of racemization of active 
biphenyls and their salts. 

These lines of research will be discussed in order. From the practical 
standpoint, the problem of studying the desired effects lies in the selec¬ 
tion of the proper groups to substitute in the biphenyl and the prepara¬ 
tion of such compound. Evidence from many sources indicates the 
fluorine and hydroxyl or methoxyl to be among the smallest atoms or 
groups c^her than hydrogen; amino and carboxyl groups are not much 
larger. 

It is deserving of mention that, in the resolution of a biphenyl of 
which the optically active forms are very easily raoemiaed, either a single 
diast^eoiaomeric salt is isolated or two diastereoisomeiic salts, one of 
mdrioh is very readily converted to the other. This is due to the fact that 
iliija ease rotation about the sing^ bond between the two phenyl nuclei 
teftdb to the facile mteroonwrauion of one salt to the other when in solu- 
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tion, thus resultmg in an equilibrium mixture. Upon isolation of the 
salts, however, the less soluble precipitates first, and, as more is taken 
from the solution, the more soluble rearranges to the less soluble. Only 
by the use of different solvents can both salts of such a compound some¬ 
times be isolated in solid form. The active salts thus obtained naturally 
show mutarotation in solution owing to the formation of an equilibrium 
mixture of the diastereoisomeric salts. 

Non-Resolvable 2,2',6,6'-Tetrasubstituted Compounds. The follow¬ 
ing 2,2',6,6'-tetrasubstituted biphenyls(XXXII, XXXIII, 
XXXIV, XXXV), resolution of which could not be effected, were 
prepared. It appears, then, that these are truly 2,2',6,6'-tetrasubstituted 
biphenyls in which the ortho groups do not interfere sufficiently to allow 
resolution. 



OCHs F CO 2 H 


HOiC F 

XXXIII 

CHj CHs 




0 0 NHj 


O 

CHs CHs 
XXXV 




V/ 

H2N0 


Resolvable but Easily Racemized Biphenyls. The compounds *■ 
XXXVI and XXXVII were synthesized and found to racemize very 
easily when wanned in a neutral solvent. They are thus in sharp con¬ 
trast to the stable active biphenyls earlier studied. Greater stability 
was found in XXXVIII. 



CO*H 


COjH /Si? NHjCH, — 

“ ( 

_J Y ^ " - 

COsH 


To make certain that the size was of primary importance and that no 
specific effect of the fluorine or methoxyl groups was involved, still 

•* Kteiderer and Adams, J. Am- Chem. See., W, 4219 (1933). 

•• Van Atendonk, Cupery, and Adams, SM., U, 4226 (1033). 

^Becker and Adams, ibid., M, 2973 (1032). 
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larger groups alcmg with the fluorine and methoxyl groups were intro¬ 
duced into the molecule. The active forms of XXXIX do not racemize.® 
In a rimilar manner XL and XLl give relatively stable active forms 
which racemize only slowly at higher temperatures.** 


HOiC F 



HiC NO, 

XXXIX 


0,N CH, 


NO, 



coja 

xn 


OCH, 
F 


JJO, CH, 



0 NO, 
CO,H CH, 

XU 


Although the 2,2',6-trisub8tituted biphenyls studied in the earlier 
researches could be racemized at high temperatures,*’ the active forms 
of XLll are perfectly stable under the usual conditions of racemization. 


0,N 

XLIl 


NO, 


NO, 



/ 


>N0, 
0,N CO,H 


Relative Effect of Various Groups in Restricting Rotation. A direct 
comparison of the effect of different groups was obtained by a study of 
2,2',6-tri8ub8tituted biphenyls, in which the group in one position only 
was modified from member to member of the series. The two following 
sets of compounds were prepared:"'^ (a) 2-X-2'-nitro-G'-carboxybi- 
phenyl (XLIII), where X = methoxy, methyl, carboxyl, or nitro; and 
(6) 2-Y-6-methyl-2'-nitro-6'-carboxybiphenyl (XLIV), where Y = fluor¬ 
ine, chlorine, or bromine. 



Evidence will be presented later to show that the presence of a 5'- 
methyl group in series XLIV probably has very little effwt upon the 
racemization rates; therefore a direct comparison of the compounds 
XLIII and XLIV is permissible. 

From the half-life periods it appears that the relative interference 
efiects pf the seven groups studied me in the following order: Br > CHs 
> > NOa > COaH > OCHa > F. Racemization tests in various 
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solvents do not modify the results. It is interesting that the order from 
first to last parallels the decrease in the size of the groups as determined 
by x-ray data. 

Experiments have been performed ■which demonstrate the methoxyl 
to have a greater hindering effect than the hydroxyl. It ■was found 
possible to resolve 2-methyl-4-carboxy-6-nitro-2^-methoxybiphenyl 
(XLV) but not the corresponding hydroxy compound. 



XLV 


Replacement of a Group in the 2,2',6,6'-Position of an Optically 
Active Biphenyl. By a Hofmann rearrangement “ (p. 977), (i-3,5-dinitro- 
6-a-naphthylbcnzamide (XLVI) was converted into d-3,5-dinitro-6-a- 
naphthylaniline (XLVII) and the latter was obtained ■with a maximum 
rotation. 



XLVI XLVH 


Active 6,6'-diamino-2,2'-bitolyl (XVII) was converted into active 
6,6'-diiodo-2,2'-bitolyI (XLVIII), active 6-nitro-2-methyl-2'-carboxybi- 
phenyl (XLIX) into active 6-nitro-2-methyl-2'-aminobiphenyl (L), 



XVII XLTin XLIX E 


and active 2-bromo-2'-amino-6,6-bitolyl into active 2,2'-dibromo- 
6,6'-bitolyl.“ The mechanism of such replacements is not clear. If 
the ■view’ is accepted that in these processes no free radicals are 
involved, no new deductions can be drawn from the experimental results. 
On the other hand, if free radicals are assumed as intermediates, it fol¬ 
lows that the life period of the free radicals must be very short as com¬ 
pared with the time of rotation of the aromatic nuclei about the inten 
nudear bond. 

and T«eter, Ond., 2188 (1040). 
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24t - and 2-Substituted B4>benyls. From the preceding discussion 
the posmbility of resolution of certain 2,2'-disubstituted biphenyls would 
be predicted provided that the substituents are of proper size. Several in¬ 
vestigators attacked this problem simultaneously. The resolution of LI 
was reported.’** ’** This compoimd can be considered a disubstituted 
biphenyl with the C—COgH groups in the 2- and 2'-po.«dtion8. The 
existence of optical isomers even though relatively unstable indicates 
that these groups are sufficiently large to interfere with the hydrogen 
atoms. The instability of this active compound as compared with that 
of its very stable isomer LII is striking. The preparation and resolution 
of LIII were also successful.’* Its active forms are less stable than those 
of LI. A third compound (LIV) was found to be non-resolvable; hence 



it appears that with only one substitution the molecule is much more 
mobile. 

The optical resolution of several 2,2'-di3ubstitutcd biphenyls fol¬ 
lowed shortly: (LV),*® (LVI), ’* (LVII),” (LVIII),’® and the correspond¬ 
ing analog of LVIII with two methyl groups in place of the phenyls 
attached to the carbon holding the hydroxyl,’* and (LIX)*® and the 
corresponding bromide.** The active forms of all these compounds are 
easily racemized substances. 

n Stanley, Hyid.. 63, 3104 (1931). 

^‘CorbeUini, Alii, aeead, Lineei, 13, 703 (1931). 

^* Meiaenbeimer and fieiaBWen^er, Ber., H. 33 (1932). 

** l^eadie and Turaer, J. Chem. Soc., (1932). 

w Leadie and Turner, Ond., 2021 (1932). 

” Shaw and Turner, ibid., 136 (1933). 

**CorbeUini and Picsi, AM. aeead. Lineei, U, 287 (1932). 

” CorbelUni and AngeleiU, iMd„ 16, 968 (1933). 

**Seaiie and Adame. /. Am, Chem, See., 68 , 1649 (1933). 

« Senile and Adama, ibid„ 66. 2112 (1934). 
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SOsH 



I.V 



SOsCsHs 


LVI 



C,H« 

CoHt—</—OH 



-<3 

COtH 



COjH 


I 


T-tt 


It is also interesting that the two ortho substituents may be in the 
same ring,®* as 2,6-dibrorao-3,3'-diamino-4,4'-bitolyl (LX) was resolved. 
The active forms racemize slowly in solution. 

The possibility of the resolution of a monosubstituted biphenyl is ap¬ 
parent, and partial success has been obtained.®® The d-camphorsulfon- 
ate of 3'-brornobiphenyl-2-trimethylarsonium iodide (LXI) is reported 
to show some mutarotation. 



LX LXI 


Although no biphenyls have been resolved which do not contain at 
least one non-hydrogen substituent in the 2,2',6,6'-po.sitions, it is not 
impossible that one might exist. It is obvious that two radicals of the 
type in LXII should combine to give a molecule in which restricted 



** Patterson and Adams, Und., 87, 762 (1935). 

*• Leaslie and Turner. S. them. Soe.. 1588 (1833); see also Adams and Cairns, J 
Am- Chtm. Soc.f 61| 2179 (1930)< 
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rotation exists at the pivot bond. Similarly, if two of the radicals shown 
in LXIII are substituted in the para positions of benzene, a molecule 
might be produced with two pivot bonds and two points of restricted 
rotation. 

Steric Effects of Atoms or Groups Combined to toe Atom Attached 
to toe Ring. The steric effect of the hydrogens in the hydroxyl, the 
amino, or the methyl groups might be expected to be appreciable. More¬ 
over, such an effect probably would be greater in the methyl than in the 
amino, and greater in the amino than in the hydroxyl group. Such in¬ 
fluences undoubtedly would vary widely, though they probably would be 
small on account of the free rotation between the atom holding the 
hydrogens and the carbon atom of the ring to which it is attached. With 
larger nuclei combined to the atom attached to the ring, greater influ¬ 
ences might be exerted, depending upon the sphere of influence and 
character of the atoms present. 

An indication of what may be expected can be seen in a comparison 
of the racemization rates of the active acid, ester, and amide of 2,2'- 
dimethoxy-6,6'-dicarboxybiphenyl ** (LXJV). In glacial acetic acid 
the half-life periods of the acid, ester, and amide are 78, 88, and 240 
minutes, respectively. The NH 2 part of the —CONH 2 group Ls sterically 
much more effective than an hydroxyl or ethoxyl in the same pasition. 

In a similar manner, a comparison was made of the racemization 
rate of 2-nitro-6-carboxy-2'-methoxybiphenyl “ with those of the cor¬ 
responding ethoxy and propoxy compounds (LXV). The ratio of 
half-life periods for the methoxy, ethoxy, and propoxy derivatives is 
approximately 1:6; 8 in several of the common solvents. 

Quite as interesting is a comparison of the racemization rates of 
various substituted amides of 2,2'-dimethoxy-6,6'-dicarboxybiphenyl ^ 
(LXVI). In these molecules the following order of stability is found: 
—NHa and —N(CH 8)2 <—N(CaH 6)2 <—NHCH 3 <—NHCaHj. 


CONH, 
OCH* CO*CiH» 
* CO,H 


NOi 



COsH 
COilGiHs 
CX)NH, 
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OCH, 



CO*H ocSi 
OCaHrCn) 


OCH, 



CON(C,H,), 
CON(CH,), 
CONHCaH, 
CONHCH, 
CONH, 


<I> 


UT 


CONH. 

CONHCH, 

CONHCjH, 

CONfCH,), 

CONfCja,), 
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V* mhI Adaeu, /. Am. Chtm. 80 c., U, W7 (1830). 
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Substituents in Positions Other than the 2,2',6,6'. Since the size 
of atoms or groups is due to the fundamental structure of the atoms in¬ 
volved, i.e., the nucleus and electron shells, it may be said that the 
electrical characteristics of atoms or groupis are intimately associ¬ 
ated with the size. On the other hand, the atoms or groups may be 
considered from the standpoint of polarity. Experiment shows that 
polarity or non-polarity plays an unimportant role. A comparison of 
biphenyl molecules containing four methyls, four chlorines, four nitros, 
four methoxyls, and four fluorines in the ortho positions has been made. 
The compounds were resolved and their racemization rates determined. 
The compounds containing the four chlorines and four nitro groups 
which are polar in character are very resistant to racemization. How¬ 
ever, the compound with four methyl groups, which are essentially non¬ 
polar and of approximately the same size as the chlorines, is also very 
resistant to racemization. On the other hand, the tetrafluoro and 
tetramethoxy compounds are not even resolvable. In fact, from the be¬ 
havior of the numerous compounds already studied, it is clear that size is 
the most important factor and that no correlation between the polarity 
and interference effects of the individual groups is possible. Steric in¬ 
fluences due to the polarity of groups probably produce no more than a 
secondary effect which may be illustrated by properties of active mole¬ 
cules with additional groups substituted in positions other than the 
2,2',6,6'. It was first noted that the half-life period of the active 
compound LXVII in 2JV sodium hydroxide solution at 98° was 18 
minutes, whereas that of LXVIII imder the same conditions was 50 



NO, 


nvn 


CO,H 


NO,' 



coja 




-<r~>No, 


NO, 

Lxvin 


minutes. Thus, antipodally the latter was three times as stable as the 
former. This is inexplicable if the 2,2',6,6'-groups are the only factors 
which affect the stability to racemization of the active molecules. 

Inspection of formulas LXVII and LXVIII shows that the only 
difference is a nitro group in the para position of one ring. 

Later, Adams and his students studied a series of compounds with 
methoxyl, methyl, chlorine, bromine, and nitro substituted in the 3'- 
(LXIX),^' “ 4'- (LXX)," and 5'- (LXXI)“ positions of 2-nitro-6-car' 
boxy-2'-methoxybiphenyl, where X = OCH3, CH3, Cl, Br, NO2. 

** Yuiw Ad&|KLS, R4, 2966 (1932)* 
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These Wrae compared with each other and with unsubstituted 2» 
mtro- 6 -carboxy- 2 '-methoxybiphenyl which raoemizes readily at room 




CO*H 


T.rx 


NOj 



/ 

OOsH 


OCH, 
X 


temperature and thus makes possible a fairly accurate polariscopic study 
of the rate of racemization. For each of the fifteen compounds, only one 
alkaloidal salt can be isolated and all thrae mutarotate in solution. The 
active adds obtained from the salts racemize readily in organic solvents 
at room temperature. Semi-quantitative data are given in Table I. 


TABLE I 

Half-Lite Periods in Minutes of Substituted 
2-NlTRO-6-CAaBOXy-2'-METHOXYBIPHENTL 


PoBition of Substituent 

Nitro 

Bromo 

Chloro 

Methyl 

Methoxy 

3' 

1905 

827 

711 

331 

98 

4' 

115 

25 

12 

2 6 

3.6 

fi' 

35 

32 

81 

11.5 

10.8 


The 3' Md B* oompounda were dissolved in ethyl aleohol for racemisation studies; the 4' in 
aoetone. The terapersture used was 25^ in ail instances. 


From these data it may be deduced that, within experimental error: (1) 
the stability to racemization of each series, whether the groups are sub¬ 
stituted in the 3'- or 4'- or 5'-positions, is in the order: H < OCH 3 < 
CH 3 < Cl < Br < NO 2 ; ( 2 ) the stability to racemization of the 4'-8ul)- 
stituted compounds is somewhat less than that of the 5'-substituted 
biphenyls and much less than that of the 3'-derivatives. One exception 
appears in that the 4'-nitFo compound is more stable than the correspond¬ 
ing 5'-nifaro derivative. 

The theoretical basis for and the exact mechanism of this phenomenon 
are still obscure. One or more, or possibly all, of the following factors 
may be involved: ** (1) the variation of the valency angle at which the 
orOio substituent on the ring is attached, thus changing the effective 
size of the group; (2) the modification of the intemuclear distance be¬ 
tween the carbon atom of the ring and the ortho substituent; (3) the 
slowing down of the semicircuhu' oeciliation of the two phenyl rings by 
lubstituents, thus diminislung the chances of the complete rotation; 
(4) tihe modification of the distance between 1,1' carbon atoms; (5) the 
heioding of the linkage between the two rings in such a way that the 
are no longer coaxial. 
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Tlie^ experimental results are perhaps significant in leading to the 
conclusion that cause (3) is not a factor, since the substitution of two 
atoms of similar polarity but of different weight, such as chlorine and 
^omine, results in almost identical effects on the rate of racemization 
m order of mcrease in stability in the 3'-, 4'-, and 5'-series is the same as 
that of the dipole moments of the individual groups introduced into the 
povsitions mdicated. The greater the dipole moment of the group the 
greater is the stability. There is no chemical evidence, however, to 
prove or disprove mechanisms 1 , 2 , 4 , or 5 . 

It naight appear at first, from the relatively large change in the 
racemization rates caused by substituents in positions other thari the 
2,2 ,6,6', that such substituents play a very important role. Neverthe¬ 
less, it must be considered that the amount of change is something about 
which no quantitative information is available. It is quite possible that 
small changes in interference have a large observable effect, particularly 
on those molecules which are sensitive to racemization under mild con¬ 
ditions. 

C^vin has sugge,sted that the non-resolvability of 2,2'-dibromo- 
4,4'-diaraiuobiphenyl in contrast to the resolvability of 2,2'-dibromo- 
4,4'-dicarboxybiphonyl may be explained on the basis of the amino 
groups inducing a greater tendency for formation of the ground state of 
the molecule (LXXII) which would prevent resolution. 



LXXII 


Comparison of Isomeric 2,2',6-Trisubstituted Compounds. A series 
of biphenyls in which nitro, methyl, and carboxyl groups are inter¬ 
changed in the 2,2',6-positions was studied. The racemization rates of 
the three compounds did not correspond to those which would be antici¬ 
pated from the size of the groups as deduced from the study of the various 
2,2',6,6'-tetrasubstituted biphenyls.'"’ Similar anomalous results were 
observed in analogous molecules containing methoxyl, carboxyl, and nitro 
groups.” 

Comparative Sates of Racemization of Active Biphenyls and Theiz 
Salts. It is desirable to point out here another unexpected phenomenon 
which must be attributed to some factor in the molecule other than the 
size of ortho groups. The rates of mutarotation of the salts of the series 
of adds (LXIX), (LXX), and (LXXI) previously mentioned, in which 
a variable 3'-, 4'-, or 6 ''^Eroup is involved, do not run parallel to the rates 

•* Cslvin, /. Org. Chtm., 4 , 266 (1939). 

"'Adamsand Finger, J. am. Chem. iSoe., 61, 2182 (1939). 
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of racemization of the acids. The sodium salts of many optically active 
biphenyl derivatives racemize in aqueous solution more readily than the 
free acid racemizes in organic solvents. It was found, however, that the 
sodium salts of all the substituted 2-nitro-6-carboxy-2'-methoxybiphen- 
yk in water racemize less readily than the free acids in organic solvents.^ 
The sodium salts in absolute alcohol, on the other hand, racemize more 
readily than the free acids in the same solvent. 


Polyphenyl Systems 

Compounds having more than one asymmetric carbon atom possess 
a number of diastereoisomers, and the same phenomenon is to be ex¬ 
pected in derivatives of properly substituted polyphenyls containing 
more than one pivot bond with restricted rotation. 

There are four general types * of properly substituted p-diphenyl- 
benzenes, (LXXIII), (LXXIV), (LXXV), and (LXXVI). Type 



XX XX 



IXXT LXXYI 


LXXIII should exist in two diastereoisomeric forms, each of which is a 
racemic modification, one cis and one trans. Compounds of types 
LXXIV and LXXV should exist in two forms, one meso and one racemic. 
The meso form of LXXIV is the irons form, and the racemic is the cis 
form. On the other hand, the meso form of LXXV is the cis form, and 
the racemic is the irons form. It is of interest that the meso form of 
LXXIV has not the usual plane of symmetry, but a point of symmetry. 
In type LXXVI the central ring is symmetrically substituted so no 
<^ical isomerism is possible. On the other hand, restricted rotation 
can BtiU occur and two geometric isomers, cis and Iraris forms, result. 

Properly substituted m- and o-diphenylbenzene derivatives yield 
|Uaal<%ous, though somewhat different, types of stereoisomers.^ Quater- 
and more complex molecules of a similar type, when properly 
Sttlisrilsited, ^ould exist in many modifications, the number of which 
can he ceSeulated in the usual way. 
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Experimentally only p-diphenylbenzene derivatives have as yet 
been investigated. The possibility for the existence of a meso and a 
racemic modification of substituted p-diphenylbenzenes of type LXXIV 
was demonstrated by the isolation of two stereoisomeric compounds,** 
LXXVII and LXXVIII. Each of the two isomers forms individual series 
of derivatives but oxidizes to the same quinone (LXXIX). The quinone, 
in turn, upon reduction always gives a mixture of the two hydroquinon^, 
(LXXVII) and (LXXVIII). Sufficient interference apparently is not 
present in the quinone to allow the existence of two isomers. 



A second compound ®“ (LXXX), in which all the ortho positions are 
filled, furnishes a more suitable compound for testing the validity of the 
predictions. The two stereoisomeric compounds (LXXX and LXXXI) 
a-form-meso-irans jS-form-racemic-cia 
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are converted readily to characteristic derivatives. Upon bromination 
they produce the same hexabromo derivative (LXXXII), thus experi¬ 
mentally confirming the fact that stereoisomers exist only if each of the 
rings is unsymmetrically substituted (p. 355). 

Each of the two tetrabromodimesitylhydroquinones (LXXX and 
LXXXI), unlike the two dibromodixylylhydroquinones (LXXVII and 
LXXVIII), which oxidize to the same quinone, yields, upon oxidation, 
the corresponding stereoisomeric quinone (LXXXIII and LXXXIV). 

The additional o-methyl group increases the interference sufficiently 
to produce restricted rotation and thus allows the formation of isomers in 
the quinones. Incidentally, these quinones present an example of re¬ 
stricted rotation between a benzene and a quinone ring. 

The two diastereoisomeric dibromoquinones (LXXXIII and 
LXXXrV) with aqueous sodium hydroxide are converted to two stereo- 
isomeric dihydroxyquinones (LXXXV and LXXXVI). These two 
latter compounds upon reduction yield the corresponding tetrahydroxy 
compoimds (LXXXVII and LXXXVIII). The last three pairs belong 
to the p-diphenylbenzenes of type LXXVI and represent ds and Irana 


a-form-meso-lTans 


/S-form-racemic-cis 
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CH, CH, 
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i CH, 


Br CH, Ca Br CH, 


i 
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CH, 


ixjjcm 



CH, 


CH, 


OHOH 

utxxvni 


HaC Br 


iacHners ineapable of optical isomerism. On the other hand, the two 
hydroxyquanones and their derivatii^ represent pairs of cm and tram 
iiomeii^ in each pair of which one is a meao and one a racemic modifi- 
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Owing to the small size of the hydroxyl group, the ds form of the 
dihydroxyquinone (LXXXVI) and its diacetate and dibutyrate can be 
converted, by heating in high-boiling solvents, into the corresponding 
trans forms. Similar treatment does not cause the conversion of any of 
the other ci« forms in this series. 

The high-melting forms in the dimesitylbenzene and dimesityl- 
quinone series were assumed by analogy to other known pairs of stereo¬ 
isomers to be the trans modifications, and the low-melting forms to be 
the eis modifications. That this assumption was correct was proved 
experimentally by the resolution of the cis form (LXXXI) and the non¬ 
resolution of the trans form (LXXX).*“ 

These results, though limited in number, show that in the diphenyl- 
benzene system the exact conditions that would be expected from the 
study of the biphenyl series continue to hold. 

A second type of molecule exhibiting two points of restricted rotation, 
with the points more whdely separated than in the diphenylbenzenes just 
discussed, is represent^ by the isophthahmide of 3-nitro-3'-amino- 
bimesityl (LXXXIX) which has been isolated in stereochemical forms, 
meso and racemic modifications.” 



LXXXIX 


Restricted Rotation Due to a Many-Membered Ring in the 
6,6'-Positions 

A novel type of restricted rotation has recently been observed in 
5 ,5'-(polymethylenc)-(liphenic acids (XC).*^ Diphenic acid cannot be 

HOOC COOH 



•• Knsufi Shildneclc, and Adams, tfrid., •#, 2100 (1084). 
“ Adams and Joyce, ibid., 00, 1489 (1038). 
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resolved. Hie polymethylene bridge is capable of preventing the free 
rotation of the two nuclei, thus inducing in the molecule those properties 
resulting in asymmetry and hence in the possibility of optically active 
fonns. The molecule containing eight methylenes in the chain has 
greater optical stability than that containing ten (n = 8, half-life 1956 
minutes; n == 10, half-life 1491 minutes at 23“ in dioxane). The racemi- 
zation process in these molecules is assumed to be largely concerned with 
slippage of the carboxyl groups past one another. On this basis, the most 
obvious explanation for the difference in rates of racemization is that, 
tile shorter the bridge across the 5,5'-position8, the less vigorous are the 
semicircular oscillations which the benzene nuclei undergo about the 
bond joining them. 

Extension into Non-Benzenoid Ring Compounds 

The search for the presence of stereoisomerism in certain substituted 
molecules containing rings of an aromatic but non-benzenoid type is a 
natural development from the study of biphenyl compounds. Such a 
field includes compoimds in the series of the phcnylpyridines, bipyridyls, 
phenylpyrroles, bipyrryls, phenylpyrazoles, etc. The difficulty of 
synthesis, however, is a severe hindrance to the study of these types. 

Phenylquinones, Phenylpyrroles, Bipyrryls, Bipyridyls. In the study 
of terphenyl derivatives two stcreoisoraeric diphenylquinones 
(LXXXIII and LXXXIV) were obtained, and these compounds repre¬ 
sent the first examples of a biphenyl type of i.somerism in compounds 
where one of the rings is not a benzene nucleu.s. A simple phenylquinone 
(XCI) was also resolved into optical enantioraorphs.** 

HOjCCH, 

CH, 

f 

XCI 

No phenylpyridines have as yet been resolved, but an optically active 
bipyridyl (XCII) which racemizes with ease was obtained.** Two salts 
with different rotations were obtained from 2,3'-bipyridyl-2',3-dioar- 
boxylic acid (XCIII).** 

••W aad Adama. ibid.. BS. 3453 (1931). 

^ imd Adanui, *»<£., §«, 1077 (1932). 

, Bpcaiifct Cfcow., 14 , 804 (1034); tC. A., «*, 2836 (1936)]. 
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Perhaps the most fruitful and interesting results in the field of binu- 
clear compounds other than biphenyls were obtained from the study of 



XCII 



XCIII 


compounds of N-phenylpyrrole and N,N'-bipyrryl types. These types 
differ from all the compounds previously studied in which both pivot 
atoms are carbon. Substituted N-phenylpyrroles represent a class of 
bicyclic compounds with carbon-nitrogen linkages between the rings, and 
substituted N,N'-bip 3 Trryls, a class with nitrogen-nitrogen linkages be¬ 
tween the rings.®® 

The compound XCIV was resolved and the active forms were found 
to be exceedingly stable. Likewise, the optically active bipyrryls 
XCV proved to be unusually resistant to racemization.** 


HOjC CH, 


COjH 



CH, 

n-nO 

1-^ H.C COa 


XCV 


If the usual explanation of the phenomenon in the biphenyl series is 
applied here, there is restricted rotation between the benzene ring and 
the pyrrole ring or between the two pyrrole rings, owing to the inter¬ 
ference of the ortho groups. In this case, the three valences of each 
nitrogen must be assumed to be in a single plane or at least to oscillate 
through a configuration in which the two rings are coaxial. With these 
assumptions, more or less the same conditions should hold for optical 
isomerism in phenylpyrroles as in the biphenyl series: groups of proper 
size substituted in the ortho positions and unsymmetrical substitution in 
each of the rings. Experimental facts have confirmed this view. It was 
impossible to resolve any of the following compounds: XCVI, XCVII, 
^tid XCVIII. These represent examples of compounds with only two 
ortho substituents and an example of symmetry in one ring. 

•• Book and Adams, J- Am. Chem. Soc., 88, 874 (1931). 

** C^hang and Adams, ibid., 58, 2353 (1931). 

» Bock and Adams, ibid., 58, 3519 (1931). 
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HOiO' CHi HOiO CH, 



HO,C CH, 


xcvni 

If a fixed tetrahedral structure for nitrogen and at the same time 
restricted rotation are assumed, formula XCIX might represent the 
appearance of such a molecule. Under these conditions unsymmetrical 
substitution in one ring only would be necessary to produce optical 
isomerism, but this does not agree with the facts (XCVIII). 



XCIX 


That optical isomerism in phenylpyrroles or bipyrryls might be due 
to an asymmetric nitrogen atom is also very improbable, first because df 
the lack of positive results of many investigators in resolving trivalent 
nitrogen compounds, and second because it is difficult to see how changes 
so slight as that from formula XCIV to formulas XCVII and XCVIII 
would eliminate optical isomerism if it wore due to the nitrogen. 

Analogous to N-phenylpyrroles are the N-phenylcarbazoles. It was 
found impossible •* to resolve C, which contains the symmetrical 
carbazole ring, but optical isomers were readily obtained from Cl which 
contains the unsymmetrically substituted carbazole. 


NO* 



0 Cl 


** and Adam*, Md., M, 1009 (1938). 
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Dipinylbeozenes. As the experimental results indicate that phenyl- 
pyrrole isomerism is very similar to that in the biphenyl series, an exten¬ 
sion is possible to dipyrrylbenzenes which should exhibit isomerism 
similar to that of the diphenylbenzenes. This was confirmed experiment¬ 
ally, and it was possible to distinguish the meso and the racemic modi¬ 
fications by resolution studies.*® The diastereoisomeric forms of 
the TO-dip 3 rrrylbenzene 8 (CII) were obtained. The less soluble, pre¬ 
sumably the tram, form is racemic and was resolved into its highly active, 
stable enantiomorphs, while the more soluble, presumably ds, form is 



meso and could not be resolved. The compoimd CIII, 4,4'-i)w-[l-(2,5- 



cm 


dimethyl-3-carbethoxy)-pyrryl]-biphenyl represents a second molecule 
of this type and was isolated in two stereochemical forms. Similar 
results were obtained with the corresponding 2,5-dimethoxy derivative.’®* 

Other Types of Compounds with Restricted Rotation 

The concept of restricted rotation has been applied experimentally 
to the stereochemistry of molecules other than biphenyls or bicyclic 
compounds. 

Carbon-Nitrogen Restriction. The prediction’®’ was made that 
steric hindrance similar to that which prevents free rotation of the two 
nuclei in biphenyl might be exhibited by pm-substituted naphthalenes 
(CIV). The nitro derivative (CV) was resolved into rather easily race- 
mized enantiomorphic forms, whereas the unnitrated compound (CVI) 

*> Chang and Adama, ihui., 6S, 2089 (1934). 

Adama and Joyce, tbtd., M, 1491 (1938). 

MiUa and Elliott, J. Chm. Soe., 1291 (1928). 
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amid not be. This may be explained as molecular asymmetry due to 
restricted rotation about the C-N bond because of the collirion of the 
RjRjN-group and the nitro group in the 8-position. No such obstacle 


R* Ri 


\ / 
NO* N 



CIV 



C,H,SO, CHjCOjH 

\ / 

N 



cvi 


exists in the unnitrated compound (CVI), and hence there is no optical 
activity. 

A second analogous illustration of restriction i®*’is the resolution of 
evil in contrast to the non-resolvability of the corresponding tertiary 
base (CVIII) or the corresponding 1-methylquinolinium iodide. 


CjH* 

I 

C»H.SO,N C*Hj 




6 



evil 


C*H* 

I 

C»H6S0*N 



CVIII 


Mills and Kelham prepared a series of l-alkyl-acylamino-8- 
naphthalenesulfonic acids and resolved these compounds (CIX). The 
acetylmethylamino derivative possessed so high a degree of optical 
stability that the analogously constituted compound (CX) of the benzene 
series was also studied. The brucine salts of compound CX showed 
mutarotation when dissolved in chloroform. An active sodium salt was 



MiUa Tratu. Faraday Soe., t*. 481 (10a0>. 

»•» Mail and Breckenridgo, J. Chem. 8oe., 2209 (IMS). 
“• MUIil and Kelluun, ilrid^ 274 (1987). 



OPTICAL ISOMERISM 370 

also prepared which showed an initial [a] 64 ei of +6.06°. It gradually 
racemized and gave a half-life period at 16.6° of 5.25 hours. 

Other molecules in which restricted rotation between a nitrogen 
atom and a ring carbon atom exists have been described. ThusN-benzoyl- 
4,6,4'-tribromodiphenylamine-2-carboxylic acid (CXI) and several other 
compounds of a very similar type were shown to possess very weak 
optical stability presumably due to restricted rotation.*®® 

More striking in properties are the compound N-succinyl-N- 
methylbromomesidine (CXII) and the corresponding N-ethyl derivative 

CH. 

-N—COCHiCHsCOOH 

CH, 

Br 

CXI cxii 
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N- 
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CO Br' 
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C,H, 


COOH 

Lr 



for their optically active ionns possess remarkable stability in contrast 
to all the other previously described compounds (half-Ufe of N-methyl 
9 hours; of N-ethyl 28 hours in boiling n-butanol).*“® Owing to the fact 
that no molecules containing an asymmetric nitrogen atom have ever 
been obtained, the asymmetry in all these substances has been assumed 
to be due to restricted rotation. Confirmation of the soundness of this 
conclusion has been obtained experimentally by (1) bromination of an 
optically active form of compound CXII to an optically inactive dibromo 
derivative (the second bromine is substituted in the vacant position in 
the benzene ring) and (2) nitration of the same form to an optically active 
nitrobromo derivative. 

Carbon-Carbon Restriction. Formulas CXIII and CXFV represent 
two forms of a substituted aromatic oxime.*®* In the molecule of the jS- 



/%N 


OH 


o>fonn 

CXIII 

P-tarm 

CXIV 


‘®» Jamiwn and Turner, ibid., 1954 (1937): 1846 (1938); 264 (1940). 

Adam* and Dankert, J, Am. Chem. Soe., 61, 2191 (1940); Adame and Stewart, ibid., 
36, 2859 (1041). 

*** Maieenhaimer, Thailackar, and BeiaswenBer, Ann., 495 , 240 (19^). 
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f(Hin of the ketozime (CXIV), both the hydroxyl and the R groups have 
the i>ossibility of colliding with the x and y groups on the benzene ring. 
Thus, the rotation of the radical R—O=N0H would be restricted and the 
compound could exist in antipodal forms. In the a-form (CXIII) there 
would probably be no interference between the hydroxyl group and the 
X and y groups, so that the molecule should not be resolvable. 

Experimentally, neither form of CXV could be resolved. Of the 
cf and j8-forms of CXVI, the ot-form could not be separated into enantio- 
morphs. The /3-oxime of the same ketone (CXVI), however, yielded 
coniine, cinchonine, and strychnine salts, all of which exhibited mutaro- 
tation in pyridine; hence asymmetry of the molecules is inferred even 
though the optically active acid could not be isolated. The correspond¬ 
ing ether (CXVII) formed a cinchonine salt which mutarotated in solu- 


ciiL^Jci 

H N 



/^OH 

CH, N 


CXV 


OJ-form) 

CXVI 


CH* N 
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CXVII 


tion and upon decomposition at O'* gave an active ether. The resolution 
of these compounds may be used as evidence for the correctness of the 
Hantzsch-Wemer theory for the structure of oximes, and offers a new 
instance of optical isomerism due to restricted rotation. 

The most recent work in the field of molecules with carbon-carbon 
restricted rotation has consisted of a study of certain substituted aryl 
olefins. Many such compounds have now been prepared and resolved. 
The same principles obtain as in the substituted biphenyls. Thus 
Mills and Dazeley observed that o-03,^-dimethyl-a-isopropylvinyl)- 
pbenyltiimethyl ammonium iodide (CXVIII) was readily obtained in 
optically active forms, and these forms proved to be very resistant to 
racemizstion. Adams and co-workers have also succeeded in resolv¬ 
ing a variety of aryl olefins illustrated by the structures CXIX and CXX. 
The o-methyl derivative of CXIX showed no rscemization in boiling 

MiBs and Daieley, J. Chem. Soe., 480 (1939); aee also MitnraU and Ad«m*, J. 

Chem. Soe., », 2960 {1930)* 

w AdaoM and Miller, J. Am. Chem. Soe., ti, S3 (1040); Adams. Andersoa, and Miller, 
ibid,. M, 1539 (1941); Adams sod Binder. Aid., 2773 (1941); Adams and Orost 
tnwalihM'Whs. 
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butanol while the corresponding unaubstituted derivative had a half- 
life in boiling butanol of 200 minutes. On the other hand, the com¬ 
pound represented by CXX racemized in solvents at room temperature. 



This ease of racemization is imdoubtedly due to the decrease in the inter¬ 
ference arising from the difference in the size of the ring methyl and 
methoxyl groups. The /3-(2-methyl-l-naphthyl)-acrylic acids showed 
remarkable optical stability but were less stable than the corresponding 
benzene derivatives. 

The necessity of unsymmetrical substitution in such molecules was 
proved experimentally in the a-methyl derivative (CXIX)by(l)bromina- 
tion of an optically active form to give an inactive dibromo derivative 
(the second bromine enters the vacant ring position) and (2) chlorosul- 
fonation of the same molecule to an optically active bromochlorosul- 
fonyl dcrivativ'e. 

As yet no successful experiments have been reported on the resolution 
of substituted diphenylmethanes, diphenyLsuIfones, or diphenylke- 
tones.”' i"*- 

Carbon-Oxygen Restriction. Ziegler and Luttringhaus prepared by 
the high-dilution technique a variety of diethers illustrated by the 
general formula CXXI. They postulated that if the naphthalene nucleus 
were incapable of rotation within the many-membered ring, as would be 




deduced from structural models, optical isomerism shorild be possible. 
Luttringhaus and Gralheer*'’ have demonstrated experimentally that 

n* Maolaan and Adams, /. Am. Chtm. Soe., 56, 4683 (1933). 

Zissler and LUttrinidiaaB, Ann., 611, 1 (1934). 

*** Lattringhaus and Gralheer, ^^a(urm^»mseAc^flen, 16, 255 (1940). 
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sudi isomerism loay result from the enttvining of a many-membered 
ring around an otherwi^ symmetrical structure. They resolved the sub¬ 
stituted benzoic acid (CXXII); its optical activity arises from the dis¬ 
position of the decamethylenedioxy bridge either above or below the 
plane of the benzene nucleus. The active forms were very stable. 


SUMMAET 

In the foregoing section, a general discussion has been given of mole¬ 
cules which may be asymmetric owing to restricted rotation about a 
single bond. The two essential prerequisites for occurrence of optical 
isomerism in compounds of this type are: (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
radicals tinited by the pivot bond has one and only one plane of sym¬ 
metry. 

Ibe only important class of such substances which has been studied 
experimentally is that of the substituted biphenyls and related com¬ 
pounds. The present status of this field can be summarized in the 
following four points: 

(1) The stereoisomerism of substituted biphenyls and related com¬ 
pounds differs from all other types of stereoisomerism in that the number 
of forms cannot be defined by a t3npe formula, but depends upon the 
specific properties of the univalent substituents. 

(2) The resolution of certa'in substituted biphenyls and the non¬ 
resolution of others can be satisfactorily explained on the assumption 
that the two benzene rings in a resolvable biphenyl possess a common 
axis but lie in different planes, owing to the restriction of free rotation 
about the axis by the ortho substituents. The resulting configuration is 
asymmetric if the two rings are unsymmetrically substituted. The de¬ 
gree of restriction of rotation, as manifested by the ease of racemization, 
depends primarily upon the size of the ortho groups. 

(3) The phenomenon persists in terphenyl compounds and binuclear 
compounds other than biphenyls. 

(4) Restriction of free rotation about a single bond has been found 
also in properly substituted aryl olefins and aryl amines. An aromatic 
diether where a naphthidene nucleus is incapable of rotation within a 
many-membered ring has been prepared and resolved. 



OPTICAL I80MEBI8M 


383 


PART IX. OPTICAL ACTIVITY OP FREE RADICALS, CARBANIONS, 
AND CARBONIUM lOKS 

Compounds containing only three groups attached to a central carbon 
atom fall into three classes, depending on the electronic distribution 
(pp. 685, 1928). The following formulas, Figs. 1, 2, and 3, indicate the 
three possibilities: 


R 

■ R - 

— 

r ^ 

R':C- 

R':C: 


R':C 

R" 

- R". 


. R". 

Fio. 1 

Fio. 2 


Fig. 3 


The studies which have been made on the optical properties of these 
radicals have not yet reached a final satisfactory conclusion. The 
student should realize that the discussion in this chapter merely repre¬ 
sents a summary of the evidence up to the present time. Much of the 
material is controversial, and the conclusions drawn are to a certain 
extent matters of opinion. The discussion should be read, therefore, 
with an open mind in order to get a general survey of the question of the 
optical activity of free radicals, carbanions, and carbonium ions. 

Free Radicals (p. 581). A free radical (Fig. 4) is produced by the 
thermal dissociation of hexaphenylethane in non-ionizing solvents. 

(C,H5),CC(C,Hs)8 2(C.H»),C- 

Fig. 4 

If three different aryl groups are attached to the dissociating carbon 
atoms, then the free radical should be capable of existing in enantiomor- 
phic forms (Figs. 5 and 6), provided that the single electron which occu- 


Ar At 



Fig. 6 Fio. 6 


pies one of the apices of the tetrahedron possesses the ability to keep the 
molecule optically stable. If it does not, then the moleculea will racemize 
BO rapidly that no optical activity can be observed. 

Wallis and Adan^ * actually found that treatment of a solution of 

' WaUia and Adami, J. Am. Ckem. Soe., SS, 3838 (1933). 
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phe&yl-j»-bipbenyl-oHQaphthylthioglycolic acid with triphenyhaethyl 
caused the optical activity of the solution to disappear. Evidently the 
free tadical, phenyl-p-biphenyl-«-naphthylmethyl racemized as fast as 
it was formed. 

Karagunis and Drikos * studied the action of chlorine on phenyl- 
biphenyl*«-naphthylinethyl in carbon tetrachloride solution imder the 
induence of d- and t-circularly polarized light at two different wave¬ 
lengths, X = 4350 and X = 5890. The reaction apparently involves the 
free radical, Fig. 7, and atomic chlorine, producing the triaryl chloride. 



Fig. 8. The determination of the optical rotation of the solution at 
various intervals of time gave the curves shown in Fig. 9. 



It win be noted that, at the end of an hour, the reaction products 
of an excess erf eitlrer d- or {-tmiyl chloride, depending on the 

i ^ 

* * ywsimiii and Drilcoa, NahavAuMtuehaflen, tl, 087 (1833); Nature, ISt, 3M (1033); 
Okem.. MR 428 lism* 
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kind of light used. After the reaction had proceeded to completion, 
equal amounts of d- and 1-chloride were present—Whence, optical inactiv¬ 
ity. This asymmetric synthesis is of interest since it is the only study of 
such free radicals. It was found that neither d- nor ^circularly polarized 
light had any effect on either the triaryl chloride or on the free radical. 
The effect observed must hence be due to an acceleration of the reaction 
between the d~ or Worm of the free radical and the activated chlorine 
atom. The work does not show that triaryhnethyl radicals are optically 
active. The results may be interpreted, however, as indicating that the 
groups in a free radical are probably not planar. Up to the present 
time, no optically active free radicals defimtely belonging to the type 
shown in Fig. 1 have been obtained. 

Several different types of reactions have been investigated which may 
possibly involve a free radical of the type shown in Fig. 1 as an inter¬ 
mediate. In all reactions thus far investigated, the final products have 
been optically inactive. 

The electrolysis of potassium I-ethylmethylacetate (Fig. 10) was 
found by Wallis and F. H. Adams * to produce an optically inactive 3,4- 
dimethylhexane (Fig. 13). If the course of the reaction follows that 
indicated in the reactions below, the free radical. Fig. 12, is an inter* 
mediate. If this radical had been able to retain its asymmetry, then the 
combination of two Zeaorotatory radicals should have produced the 
leva form of Fig. 13. The fact that the 3,4-dimethylhexane (Fig. 13) 


CH,‘ 9 . ' 


CH,* ® ’ 

a« aa aa 

Anode 

aa aa aa 

CaHjrC : C:0: 

-> 

C,H,:C : C:0- 

H 


H 

L W,, »- 12.26» -1 


1 _«< 


Fia. 10 


CH. CH, 

CsHs-.C : C;C»H» e 

ii ii 

Fig. 13 


CH,-] 




-F CO, 


H J 
Fig. 12 


was optically inactive indicates that the radical did not retain its asym- 
metiy. It should be noted that the octane (Fig. 13) may exist in a 
cU and a meso form. The nature of the product was not determined. 

If a Wurtz synthesis (p. 639) is carried out on an optically active 
alkyl halide, optically inactive hydrocarbons usually result. Thus, 

* WaIUs ad<1 F. H. Adams, J", j4»i. Chem, 8oc•■^ 55 , 3S3S (lQi8^. 



3S6 


ORGANIC CHEMISTRY 


WalBs and Adams * obtained the same optically inactive 3,4-dixnethyl- 
hexane motioned above (Fig. 13) by the action of sodium on d-2-bromo< 
butane (Fig. 14). 

CH, CH, CH, 

I I I 

2CsH.CHBr + 2Na -» C»Hr-CH—CH—CjHt 

Wo - + XO-7* 

Fra. 14 Fiq. 13 


The action of sodium on f-a-bromobibenzyl (Fig. 15) also produced the 
optically inactive 1,2,3,4-tetraphenylbutane.' (Fig. 16). 

Br C,H, C«H* 

i N. II 

2C«Hs—CH—CH,C,J1» -> CiH,CHr-CH—CH—CHjC,H, 

Wo - - 27* 

Fia. 16 Fig. 16 


The optical inactivity of the products of the Wurtz reaction indicates 
that raoemization occurred at some intermediate stage, since both the 
initial and final products were stable. 

If the radical (Fig. 18) formed by the action of sodium on the alkyl 
halide racemizes rapidly then the hydrocarbon formed by the combina* 


R' 

1 

R—C—Br + Na* 

1 

H 

Fig. 17 


R' 

I 

R—C* -J- NaBr 

I 

H 

Fig. 18 


tion of two of these <fl-radicals would be optically inactive and consist of 
a mixture of the dl and meso forms. On the other hand, if a sodium 
alkyl (Fig. 19) is produced rapidly, it may react with the optically active 

R' R' 

I I 

H_C. + -♦ R—C—Na 

I I 

H H 

Fio. 19 


(1% 17) to form a hydrocarbon which may contain some of the 
active form. 
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R' R' R' R' 

R—C—Br + R—C—Na -♦ R—C—C—R 

, ^ 4 u 

Fio. 17 Fro. 19 Fig. 20 

Actually Ott * obtained optically active d-2,3-diphenylbutane (Fig. 22) 
by the action of sodium on f-methylphenylchloromethane (Fig. 21) along 
with some of the tneao form of the hydrocarbon while the recovered 
chloride was racemized to some extent. 

CH, 

I 

2C«Hg—C—Cl + 2Na 

I 

H 

Op « - 50,27<> 

Fig. 21 

Tlie formation of the Grignard reagent from an optically active 
halide also results in an optically inactive ‘ product (p. 516). Thus, the 
action of magnesium on d-2-bromo6ctane (Fig. 23) results in the opti¬ 
cally inactive 2-octylmagnesium bromide ‘ (Fig. 24). By analogy to the 
Wurtz reaction, it might be possible that similar radicals are involved. 

CH, CH, 

1 t 

C,Hir—CHBr -f Mg CHMgBr 

Fig. 23 Fig. 24 

Also, when d- or l-2-ch]oro6ctane was treated with lithium and the 
resulting 2-octyllithium carbonated, the acid obtained was optically 
inactive.^ 

With the exception of the experiments of Ott cited above, it is evident 
that raoemization occurs when an organometallic compoimd is formed 
from an optically active halide in which the halogen is attached to the 
asymmetric carbon atom. 

The photochemical or peroxide catalyzed chlorination of d-l-chloro- 
2-methylbutane (Fig. 25) yielded optically inactive l,2-dichloro-2-methyl- 
butane * (Fig. 26). If the mechanism is that represented by the chain 

♦Ott, JJer., 61. 2124 (1928). 

♦Pickard and Kenyon, /. Chem. Soe., 99 , 66 (1911); Schwarta and Johnaon, J. Am. 
Chen. Soc., 63, 1063 (1931). 

•Porter, J. Am. Chem. Soc., 87, 1436 (1936). 

♦ Tarbell and Weias, Und., 61. 1203 (1939). 

* Brown, Kharaech, and Chao. <bid., 61, 3435 (1940); Kliaraach, Kane, and Brown 
and., 63, 526 (1941). 


CH, CH, 

I I 

C,H,—C-C—C,H, + 2NaCl 

I I 

H H 

Op - + 20.24" 

Fig. 22 
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reactions (a), (jb), and (c), it is evident that the intermediate alkyl radical 
underwent racemization. 

(а) Cls ^ 2C1- 

CH, CHj 

1 1 

(б) CjHr-C—CHjCl + Cl- -♦ CjHs—C—CH,C1 + HCl 

1 

H 

Fig. 25 

CH, CH, 

1 I 

(c) C,Hr-C—CH,C1 + Cl, CsH,—C—CHsCl + Cl- 

1 

Cl 

Fig. 26 

Caihanions. If a pair of electrons occupies the fourth valence of the 
central carbon atom resulting in the negative ion shown by Fig. 2, then 
such carbanions might exist in enantiomorphic forms if they are stable 
to racemization. 

Numerous studies of the salts of aliphatic secondary nitro compounds 
have been made to determine whether these compounds constitute exam¬ 
ples of optically active anions. The fact that primary and secondary 
nitro compounds exist in two tautomeric forms was established by the 
work of Hantzsch and Schultze.® The two forms of phenylnitromethane 
and their properties are shown in Table I. 


TABLE I 


C,H,CH,NOi 

LUiutd 

Stable normal form 
InimhibU in NafCOi 
No roftction wiUi CA»NCO 
No color with F«C1| 
Non^eleotrolyte 


0 

/ 

CeH,CH==N—OH 

Solid 
M.P. 84** 

Labile aci-torm 
Soluble in NafCOa 
Keacte with CeH^CO 
Ked color with FeCIf 
Electrolyte 


The solid act-form is obtained by the addition of acid to a cold solu¬ 
tion of the sodium salt, and readily tautomerizes to the normal nitro 
modification. ^ 

K*oB 

RCH,NO, -^ RCH=N—ONa 


\ 


RCH- 


/Ha 

«N—OH + NaCl 


*Hia>taioh and Sohultxe, Ber., tt, 690, 2261 (1S96). 
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Hie change from the acirloim. to the normal form may be followed by 
conductivity measurements. This summarizes the general status of 
these nitro compounds and their salts up to 1927, when Kuhn and 
Albrecht made the startling observation that d- or i-2-nitrobutane 
(Fig. 27) upon treatment with methanolic sodium methoxide gave 
optically active solutions of the sodium salts (Fig. 28) (See Chart I). 
Acidification of the salt regenerated a partially active nitrobutane, and 
bromination formed optically active 2-bromo-2-nitrobutane (Fig. 29). 


CHART I 


CH. CH, 



Since the Victor Meyer reaction between an alkyl halide and silver 
nitrite is known to produce an alkyl nitrite as well as a nitro-alkane, a 
series of experiments was carried out with d-, and J-2-bromo6ctane. 
The optically active 2-octyl nitrite was separated from the active 
2-nitro6ctane (Chart II). It was again observed that d-, and J-2- 
nitrooctane gave optically active salts which regenerated an optically 


CHART II 
Dextro Sebikb 

CHt CH, CH, CH, 

CJI,r-i-OH C.Hi.-i-Br ^5^ Caii,-l>-NO, +C,H,r-i-ONO 

A i i ^ 

Wo - + 10.23<> Wo - - 33.10“ Wd - + 18.84“ Wd - + 817* 


active compound upon acidification. Bromination was also reported to 
produce an optically active bromonitro compound. 

Branch and Jaxon-Deelman, J. Am. Chem. Soe., 49 , 1765 (1987). 

1 Kuhn and Albrecht, Ber., 60 , 1297 (1927). 

** Shriner and Young, J. Aw. Chem. Hoc., 61 , 33S2 (1930). 
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The leeolution ” of phenylcyanonitromethane (Fig. 30) by meauB of 
brucme and conversion of Ibis brucine salt into an optically active 
sodium salt (Fig. 31) was also reported in 1932. 


ON 


CN ■ 

r 1 

r CN I 

■O-TSOm — 

H 

— *■ 

1 

OiHft-C-NO* 

- 

a 

1 

1 

<XHr-C-NDi 

. 




Fig. 90 


Fig. 31 


All these observations led to a reconsideration of the older formulas. 
Figs. 32, 33, 34, for the nitro compounds and their salts. 


RCHji—N 

\o 


Fig. 32 


RCH=N—ONa 


Fig. 33 


RCH—N—ONa 

Fig, 34 


On the basis of the fundamental postulates of the electron theory 
(p. 1821), the formulas, Fig. 32 and Fig. 33, are impossible, since they 
would place ten electrons in the valence shell of nitrogen. The classical 
formula, Rg. 33, proposed by Nef for the salts obviously cannot 
account for th«r optical activity. The structure. Fig. 34, originally 
proposed by Holleman and by Hantzsch and Sclrultze,* has always 
been r^arded as a possibility, but never generally accepted, chiefly 
because the existence of such carbazoxy rings has never been absolutely 
established. Figure 34 also does not satisfactorily explain the ready con¬ 
version of the salts into the bromonitro compounds. 

Since 2-methyl-2-nitropropane does not form a salt with sodium 
ethoxide it is evident that the sodium alkoxide does not add to the nitro 
group. The dectronic formula for the mtro compound is shown by 
Fig. 35 and the formulas for the salts by Figs. 36, and 37. The anion, 
Fig. 36, is optically inactive and would produce the d(-nitro compound on 
ad(hfication. In Fig. 37, the o-carbon atom is asymmetric and treatment 
with acid would regenerate the original active nitro compound. 

The chief objectuHi to such an assumption is the fact that racemiza- 
/ tioa of the compound (Fig. 37) does not occur reatlily. ^riner and 

« Mills, J. &>c. Cten. 7nrf., 11 , 750 (188©. 

» Nef, Amu, UO, 263 (189©. 

W BUilMaail, Bee. tna. Mm.. 11.406 (1884). 



OPTICAL ISOMERISM 


381 



I 

H 


N 

+ 


9 ‘ 

'o': 


R' :'o*: 

R:C::N 
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R' :*o‘ 
R:C:n'‘' 
rO 


Na+ 


Fio. 35 


Fiq. 36 


Fig. 37 


Young “ suggested that it must be stabilized by combination with the 
solvent, the anion forming a hydrogen bond with the ethanol (Fig. 38). 
Evidence supporting this concept has been obtained by Ray and PaJin- 
chak,'* who resolved 9-nitro-2-benzoylfluorene with brucine. The brucine 
salt contained alcohol of crystallization, and hence this salt would be 


R O' 

1 / 

R—€—N 

i \ 

H 0 

1 

Na+ 

r R' o~i 

A 

R—C—N 

i \ 

H 0 

(H Brucme)+ 

1 

0 


i 


1 

. CjHs 





Fig. 38 Fig. 39 


represented by Fig. 39. Neither the free act-9-iiitro-2-benzoyIfluorene 
nor its potassium salt was active. 

This concept of an optically active carbanion, stabilized by solva¬ 
tion, seemed reasonable enough at the time (1927-1930) because other 
optically active compounds such as the sulfoxides, sulfinic esters, 
sulfilimines, and sulfonium salts were known whose dectronic structures 
placed an unshared pair of electrons at one apex of a tetrahedron. How¬ 
ever, the development of the theory of resonance (page 1943) and its 
application to aliphatic nitro compounds leads to the view that the 
acidity of nitro-alkanes is a consequence of resonance stalnlization of the 

^ Rfljir A&d Pftli&chAlc, J* A-fn, Chtfit* Soc,, 2109 
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amon produced by removal of the cf-hydrogen. The reeonance forms 
of the anion are ^own by Figs. 40 and 41. In fact, it is postulated that 


r 


R-C-NOi 

H 


■ R/ 

I 

R-C-NOi 


R' n 

I 

R-C-N 

N)- 




Fio. 40 


Fio. 41 ■ 


the contribution of structure 41 is more important than that of the struc¬ 
ture of Fig. 40. From the resonance standpoint, therefore, the salts 
derived from optically active secondarj-^ nitro-alkanes should be optically 
inactive. 

This anomalous situation has recently been cleared up by Komblum, 
^chtin, Patton and Iffland who have shown that the Victor Meyer 
reaction is more complicated than hitherto believed. For examjJe, the 
above investigators found that silver nitrite reacted with i-2-bromo- 
octane to produce not only (i-2-nitrooctane and cl-2-octyl nitrite, but 
also <i-2-octyl nitrate, d'2-octanol, 2-octanone and other by-products. 
Moreover, the d-2-aitro6ctane and d-2-octyl nitrate distilled together 
and could not be separated by fractionation. Treatment of the mixture 
of the two with aqueous alkali dissolved the nitro-compound but not the 
nitrate which was separated in the optically active form. The solution 
of the salt of the d-2-nitro6ctane was optically inactive. The pure 
d-2-nitrodctane, obtained by treatment with cold 96% sulfuric acid 
which dissolved the nitrate, gave optically inactive salts upon treatment 
with sodium ethoxide and the bromo-nitrooctane produced by bromina- 
ti<Hi was also optically inactive. A similar series of experiments was 
carried out starting with ii'2-bromodctane and again the carefully 
purified {-2-nitro6ctane gave optically inactive salts. It thus seems 
evident that the salts of secondary nitro compounds should be repre¬ 
sented by the restmance structures of Hgs. 40 and 41, and that they are 
not examples of optically active carbanions. 

V XomUiun, UchUn, Patton and Iffland, J. A.m, Ckem. Soc., M, Feln-uary (1947). 
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A totally different type of molecule containing the optically active 
negative ion shown by Fig. 2 has been postulated by Wallis * as an 
intermediate in the following reactions which were carried out in liquid 
ammonia. 

The fact that the compound (Fig. 44) is optically active would 
require the intermediate ion (Fig. 43) to retain its asymmetric configu¬ 
ration, and hence would indicate that the unshared pair of electrons acta 
as the fourth group at one apex of the asymmetric carbon atom (*). 
The alkylsodium, Fig. 43, was not isolated. If its formation involves 
a mechanism similar to that discussed for the Wurtz reaction (p. 386), 
then it should be a racemic form. It is possible that complete conversion 
of Fig. 42 into the alkylsodium, Fig. 43, did not occur, and that the 



final optically active compound was produced by reduction of the 
thioglycolic acid derivative upon addition of the ammonium bromide to 
the sodium in liquid ammonia. Even if this should be the case, the re¬ 
action still involves the replacement of the —SCH 2 CO 2 H group on the 
asymmetric carbon atom by hydrogen, and means that the intermedi¬ 
ates, whatever they may be, retain their tetrahedral configuration. 

Certain sulfones constitute another class of compounds which react 
with alkalies to produce salts in which the negative ion is a carbanion. 
In order that salts may be readily formed, at least two sulfonyl groufs 
should be attached to a carbon atom which carries a hydrogen atom. 
Thus, Shriner, Struck, and Jorison,** from a study of the properties of 
methylenediphenyl disulfone, Fig, 45, concluded that salt formation 
leads to the carbanion. Fig. 46. These salts may be readily alkylated 


;0: H ;0; 

C,H»;’s: C + NaOH -» 

:6: H :0: 

• • 

Pio. 45 


;6: H ;0: 
C»H*:S: C :S:C,H» 

: 0 : : 0 : 

• • ■ • 


Na+ H- H*0 


Fio. 46 


and brominated, but give no color with ferric chloride solution. The 
Bulfone, Fig. 45, does not react rapidly with bronfine in carbon tetra- 

*• Shriner, Struck, and Jorieon, ibid., #1, 2060 (1930). 
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chloride scdution, and also gives no color with ferric chloride solution. It 
diould be noted ^t in these molecules the oxygen atoms are attached 
to the sulfur atoms by semi-polar bonds, and hence no true enol forms 
may exist, since such a structure would place ten electrons in the valence 
[dtell of sulfur. These molecules constitute spiecific cases in which the 
residual negative charge of the carbanion undoubtedly resides on the 
central carbon atom. That this effect is due to the sulfonyl groups and 
not to the phenyl groups was shown by Shriner and Stutz from a 
study of methylene di-n-butyl disulfone. Arndt and Martius reached 
mmilar conclusions regarding the non-enolization of disulfonylmethanes. 
If the structure. Fig. 46, for these salts is accepted, then a properly 
substituted unsymmetrical disulfone should yield salts of the structure 
shown in Fig. 47, which should be capable of existing in optically active 
fonns. 


:0: R :0: 
R;S: C :S;R' 
: 0 : : 6 : 


Na+ 


Fio. 47 


The studies on the sulfones have involved the synthesis of properly 
substituted disulfones in an optically active state, and then conversion 
into salts in order to determine whether the salts, corresponding to Fig. 
47, were optically active. 

Kijqjing synthesized the disulfones shown in Figs. 48, 49, 50, and 


51. 





Tlw first three of these comp<»uui8 could not be resolved, but the 
fourtit (Fig. 51) was resolved into dr and Worms by means of brucine 
and ^-menthylamine. This disubstituted sulfone. Fig. 51, is quite stable 
Jto neids and alkalies. 

fVRMiier and Stute, mi., «8. 4342 (1983). 

: **4)11141 and MarUua, dnn., 4M, mS (1932). 

/■ CW Soe.. 18 (IW). 
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Kipping “ was successful in resolving the thiosulfones, Figs. 52 and 
54, into their optically active forms. Chddation of the optically active 
forms, Figs. 62 and 54, produced the disulfones, Figs. 63 and 55, respeo- 


CH, 



Fio. S2 



CH, 



tively, but these disulfones were always the racemic modifications. No 
optically active disulfones containing at least one hydrogen on the 
central carbon atom could be obtained. If both hydrogens were replaced, 
as in Fig. 51, then resolution was successful, which indicates that, in the 
presence of the basic compounds used in the resolutions, the carbanions 
of the type shown in Fig. 47 are not stable. 

A study of the properties of the compound, Fig. 62, showed that It 
did not racemize in acetic acid solution or in sodium hydroxide solution 
as long as only one equivalent of alkali was present. If more than one 
equivalent of alkali was added, then racemization occurred rapidly. 
Esterification of the compound. Fig. 62, produced the optically active 
methyl ester, Fig. 66. 

Treatment of this ester with small amounts of sodium methoxide 
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caused laoemiaatioii, which indicated that the carbanion,,Fig. 57, did 
not retain its asymmetry, 

CH» 

I CHjOsC Na+ + CHjOH 

Fig. 67 

Ashley and Shriner “ prepared ethyl ^-a-phenylsulfonbutyrate (Fig. 
58), and found that treatment with sodium ethoxide caused immediate 
racemization, even though the reaction was carried out at —10®. Evi¬ 
dently the carbanion, Fig. 59, immaiiately racemized or tautomerized 
to the enolate ion. Fig. 60. The latter explanation appears more prob¬ 
able. 

CjH* r C,H, 


^ X)C,H 
Fig. 58 


N«OC,B| 


C.H.80,—C—CC 
L I. Nx:,h. 


Na+ + CiHsOH 


Fio. 59 


C4I,SOr-i 


I 

C,H. 




Fig. 60 


Na + 


In 1931, Gibson ** succeeded in synthesizing three unsymmetrical 
trisulfones with the structures shown in Figs. 61, 62, and 63. 


C«HiSOfs^ 
CiJlfSOr^H 
CHjSO,'^ 
Fig. 61 


p-CH,CeH4SOr-CH 

CHjSO,/" 

Ro. 62 


CsHjSOjs.^ 

CH,SOr^H 

3,5-CljC,H,SO,'^ 
Fig. 63 


All three of these solfones were distinctly acidic and readily formed 
salts with alkalies. The brucine salt of the compound. Fig. 61, was 
readily prepared and crystallised, but decomposition with ammonia 
gave an inactive salt. Attempted resolutions with the active hydroxy- 
hydrindamines also failed. The trisulfones, Fig. 62 and Fig. 63, failed 
to produce crystalline salts with alkaloids, and could not be resolved. 

Certain rearrangements (p. 981) involving optically active radicals 
have been carried out. Jones and Wallis” studied the Curtius re¬ 
arrangement, and Wallis and Ni^ ” the Hofmann rearrangement of 

*• Aiiitor and Shrinw, /. Am. Chem. 8oe., M, 4410 (1932). 

«*GibK>n, /. Chem. Soe., 3887 (1931); Chem. «**., 14. 431 (1034). 

H JODM Warn*. J. Am. Chem. Bee., 48, 169 (1926). 

•» uni Nagal, ibid., SS, 2787 (lf»l). 
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optically active azides and amides. The reactions are summarized in 
Chart IV. 

CHART IV 


CH, 


C.H,CH 


H 

Wd - + 30.77“ 


CH. 

CJI.CH,—<!j—C/^ / I 

i XJ 


CH, 

C.HK3Hr-i^N=( 


CH, 

C,H.CH,—C—of 


NH, 


C.H,CH 




i 

Wo - 4- 28.76" 

|h,o 

CH, 


N=C=0 


HCl 


Wn - + 38.94“ 


C,H,CH.—(Ij—NH,-HC1 

i 

Wo ” + JS-S" 


The point to be noted is that, in the rearrangement of the intermedi¬ 
ate compound in the brackets, the a 85 Tnmetric carbon atom must de¬ 
tach itself from the carbon of the carbonyl group and attach itself to the 
nitrogen atom. The fact that the final amine is optically active means 
that the intermediate retained its asymmetry. It appears that the 
optically active radical migrates with its pair of electrons without ever 
actually separating as a carbanion. Recently Lane and Wallis have 
found that the Wolff rearrangement of optically active diazoketones 
also produces optically active products provided that no enolizable a- 
hydrogen atom is present. 

Carbonium Ions. Many investigations have been carried out which 
have had for their primary purposes the elucidation of the question of 
the optical stability of carbonium ions and the mechanism of the reac¬ 
tions involved. A large number of such replacement reactions was 
studied in connection with the Walden inversion. R iilmann ,*^ for 
example, represents the formation of the active lactic acids from the 
optically active o-bromopropionic acids by the following equations, and 
ascribes the failure of the intermediates to racemize to the charges on the 
dipolar ion (p. 1088) (Fig. 64). McKenzie and Clou^®* and later 


Br 

CHr-CHCOgH + Ag+[OH]- 

r OH ~\- 

1 

LCHt-CH—COj 


lOH]- 


Br 


1 


LCHr-CHCoJ 

i 


LCH,—CHCO 

Fla. 64 




W Lane and WaUia. /. Or*. Chem., «, 443 (1941). 
»Bulmann, Ann., 388, 330 (1912). 

** McKenuo and J* Chem. 8oc., lOS, 687 (1913). 


Ag+-1-H,0 

+ AgBr 
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MdCmiie, Roger, tuid Wills ** after reviewing numerous reactions con¬ 
clude timt the free electric charge can stabilize the configuration of a 
tercovaient carboni um ion. 

Kenycm and Phillips *® studied the rearrangement of the active 
splfinic ester shown in Fig. 65. The product of the rearrangement was 
tile optically inactive sulfone, Fig. 68. 


H 

H ■ 

+ 



C,H.:C 


:0:S:C«H4CH» 

H,C :0: 

■ • 

CH, 


:0: 


Fia. 66 66 Fia. 67 

1 

H:0: 

C,Hb:C:S:C«H4CH, 

H,C:0; 

Fio. 68 


The rearrangement occurs spontaneously, and no reagents are in¬ 
volved, hence the process may involve a momentary separation into the 
positive carbonium ion. Fig. 66, and the negative sulfinate ion. Fig. 67. 
In the starting material both the carbon and sulfur atoms are centers of 
asymmetry, but dissociation causes the formation of the symmetrical 
sulfinate ion (Fig. 67) so the sulfur loses its asymmetry. Since the sulfone 
was inactive it follows that the carbonium ion also underwent racemiza- 
tion. 

Some of the most interesting types of carbonium ions are the halo- 
chromic salts which are produced when triarylcarbinols are dissolved in 
strong mineral acids. These salts, which may be isolated in the solid 
state, are formed by the elimination of a molecule of water from the 
carbinol and the acid. They are ionic compounds, the positive charge 
appearing on the carbon atom, and hence are called carbonium sails. 
For example, triphenylcarbinol yields a colored salt with sulfuric acid 

(C,Ht),COH + HjSOb -♦ [(C.H,),C]+[SO«H]- + HjO 

and the tri-p-methoxy derivative yields a salt even with aqueous hydro- 
diloiic acid. 




CI- + H 1 O 


Rofer, uul WiSs, ibid.. 779 (1926). 
**KMVWt and FhilUjw, Ond., Uffb (1930) 
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It should be noted that these salts ate separate and distinct comh 
pounds in contrast to triphenylchloromethane, (C 6 H 6 ) 3 CC 1 , which is not 
colored and not a salt. It does form a colored carbonium complex with 
aiuminum chloride with the formula [(C 6 H 5 ) 3 C] [AICIJ”. Since the 
salta are highly colored it is probable that tautomerization to a quinoid 
form occurs. 

[(C»H*),C]+ [SO4H]- [c H 


The preparation of optically active triarylmethane derivatives is 
very difficult, and only a few such compounds are known. Wallis ” 
prepared and resolved phenylbiphenyl-a-naphthylmethylthioglycolic 
acid (Fig. 69). Gomberg and Gordon “ showed that the halochromic 
salts of this active triarylmethane derivative are optically inactive. 

Wallis and Adams * made the interesting observation that silver 
nitrate in aqueous acetone solution converts the compound, Fig. 69, 
into an optically active carbinol. The intermediate may be the positive 
carbonium ion. Fig. 70, and must retain its asymmetric configuration 
in order to produce the active carbinol. Fig. 71. 


CgHs 

I 

C,H»C,H 4 —C—SCH 2 CO 2 H 

CioH,(a) 

Fiq. 69 


CeHj 

1 

C«H,C,H4—c 


CioH7(a)J 

Fig. 70 


[NO,]- 


C.H» 

^ C6HjC,H4—C—OH 

I 

CioH7(a) 
Wo - - 6,4» 

Fig. 71 


McKenzie, Roger, and Wills ** have carried out a semi-pinacolinic 
deamination of an optically active amino alcohol. The transformations 
may be indicated as follows: 

NH, OH 

I 1 HNOf 

CH.--C-6—C»H, 

i A.h, 

(Icm] {Surira] 

Wallia, J. Am. Chem. 3oe., SS, 2253 (1931). 

•• Oomberg and Gwdon, tbtd., 67, 119 (1936). 

“ McKenxie, Roger, uid WiUa, J. Chem. Boe., 779_(1926); Roger eod McEetuie, Ber, 
is, 272 (1929). 
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Here the intennediatea retain thdr asynunetry even during the 
migraticHi of riie i^enyl radical. The stabi^tion of the intermediate 
radicals is ascribed to the charges present. 

The pinacol-pinacolone rearrangement has also been studied by 
McKenzie, ** who succeeded in obtaining optically active ketones from 
active glycols, as indicated in the following reactions; 


H CH,C,H6 

i I 

a-CioHj—C—C—CHjCgHf-> 

I I 

OH OH 

Pmo] 


H CHgCgHg ■ 

I 1 

of-C loH 7—C—C—C H 2 C bH b 

1 I 

o 

i' 

H CHjC.Hs 

I I 

of“C ioS[7—C“— 

I 

CHjCgHg 

IJto] 


+H 2 O 


H CHjCgH* 

1 i 

C.Hr-C—C—CHjC.Hs 

I I 

OH OH 

[d«ztro] 


H CHsCgHg ■ 

I I 

C»H»—C—C—CHsCeHg 

1 I 

O 

i' 

H CH,C,H, 

I I 

ObHb—C—C=0 

I 

CH* 

I 

C»H» 

[dniro] 


+H 2 O 


The intermediates apparently retain their as}mmetry and may con¬ 
tain a oarbonium carbon but the exact mechanism has not been estab- 
hshed. 


PART X. OPTICAL ISOMERISM OF ELEMENTS OTHER IHAN CARBON 

The general principles outlined in the previous discussion of carbon 
ocanpoimds apply equally well to compounds containing other elements, 
fbr optical isomeriran to erist, the molecule must be asymmetric, and 
iim Asymmetry may be achieved by the general structure of the entire 

•AMoEmide, J. Soc. Chem. InA, M, 92A (tSSl). 
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molecule or by aa individual asymmetric atom. As has been indicated 
in the introduction, optical isomers of compounds of many elements are 
known. The synthesis and resolution of these as}unmetric molecules 
have almost always involved the presence in the molecule of substituted 
hydrocarbon groups or radicals, and hence they are of interest and 
importance to the organic chemist. 

The elements which give rise to optical isomerism in their compoxmds 
may be classified into three groups according to whether the spatial dis¬ 
tribution of their valence forces is tetrahedral, octahedral, or planar. 

Elements with a Tetrahedral Distribution of Their Valencies 

The tetrahedral group will be considered first, and the isomerism of 
compounds of each element disciissed. In fact, it is the existence of 
optical isomers of the compounds of these elements which has led to the 
conclusion that their valencies are tetrahedrally distributed. Such ele¬ 
ments are: 

Si, N, 8, Se, Te, Sn, Ge, P, As, B, Be, Cu, Zn, Pt, Pd 

Silicon. This element is in the same group of the periodic table 
as carbon, and is tetravalent. It forms a series of hydrides or silanes, 
SiH 4 , Si 2 H 6 , SiaHg, and Si 4 Hio, analogous to the paraffin hydrocarbons. 
Various alkyl silanes have been prepared, and if the four groups are dif¬ 
ferent the silicon atom becomes asymmetric and optical isomers become 
possible. In 1910, Challenger and Kipping ‘ prepared and resolved the 
tetrasubstituted silane shown in Fig. 1 by crystallization of the brucine 

Fra. 1 

salts. In earlier investigations * the more complicated silicon com¬ 
pound shown in Fig. 2 was prepared. It should exist in two inactive 

C,H* C,H, 



Fra. 2 


* ChoUenger and Kipidug. J. Chem. Soe., W, 142, 766 (1911h. 

* Kipping, ibid., 91, 209 (1007); Luff nod Kipping, ibid., SB. SOBO (1903). 
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forma eorre^xmdiDg to a meso and a raoemic modification. Evidence in¬ 
dicating the resolution of a form corresponding to the latter into the d- 
and l-ftmoB was obtained by means of the d-methylhydrindamine salts. 
From a stereochemical point of view, therefore, this compound is anal¬ 
ogous to tartaric arid. 

Nitrogen. The stereochemical nature of nitrogen in its compounds 
has been mote thoroughly investigated than that of any other ele¬ 
ment with the exception of carbon. Numerous arguments and discus¬ 
sions concerning the distribution of the valencies in trivalent and so- 
called pentavalent nitrogen compounds have appeared in the literature, 
and many spatial models of the nitrogen atom have been proposed. In 
the light of present-day knowledge of molecular structure, much of this 
material is now incorrect. Hence, the discussion of the stereoisomerism 
of nitrogen compounds which follows is not entirely an historical rfeumfi, 
but an attempt to set forth the modem viewpoint and to interpret the 
past experimental evidence. 

Trivalent Nitrogen Compounds. The electronic formulas for ammonia 
and a tertiary amine are shown in Figs. 3 and 4. If the nitrogen atom is 

H 

b:n: 

«• 

H 


Fio. 3 

tetrahedral, then a tertiary amine with three different groups should be 
capable of existing in the optically isomeric forms shown by Figs. 5 and 6 
in which the nitrogen atom is represented by the tetrahedron. The three 
different radicals are placed at three of the apices, and the fourth apex 
contains the imshared pair of electrons. 

The history of the attempts to resolve trisubetituted nitrogen com¬ 
pounds is a long, interesting chapter in organic chemistry. In fact, the 
early investigators were doomed to disappointment before they started. 
Tliey attempted to resolve ethyibensylamine, benzylhydroxylamine, 
methylaniline, tetrahydroquinoline, and tetrahydropyridine, which are 
seetnulaiy amines (Fig. 7) and form salts having symmetrical cations of 
the ammonium type (1%. 8) and, therefore, are not resolvable. These 
fofty investigators regarded the nitrogen in ammonium salts as penta^ 
and all Valencia equivalent. In these early attempts, d-tartario 
used exoluffivdy as tite rerolving agent. 
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Tliis error, however, was quickly rectified by later investigators who 
attempted to resolve the following tertiary amines: methylethyl-^ 



+H*A“ 



naphthylamine, methyl-nr-propylaniline, bensyl-p-nitrobenzylhydroxyl- 
amine and kairolin by means of d-camphor-lO-sulfonic acid or d-3- 
bromocamphor-8-sulfonic acid. The results were totally negative. 

Wedekind and Kiatte * studied the d-camphor-lO-suJfonic acid 
and d-3-bromocamphor-8-8ulfonic acid salts of l-phenyl-2,3-dimethyl- 
4 -(methylethylamino)-5-p3Ta2olone (Fig. 9), and l-phenyl-2,3-dimethyl- 
4-(methylbenzylamino)-6-pyrazolone (Fig. 10). 


C,H,v 

>N—C= 

ch/ I 

0=C 


\n/^ 

I 

C.H, 
Fiq. 9 


=C—CH, 
N—CH, 


C,H,CH^. 

>N—C= 
CH,/ 1 


=C—CH, 


0=C N—CH, 

Xn/ 

C,H, 

Fig. 10 


Although fractional crystallization of these salts showed changes in the 
rotatory values of the fractions, decomposition of the salts gave only 
the inactive bases. 

Up to this time practically all the attempts to resolve trisubstituted 
nitrogen compounds had been carried out by addition of the active acid 
to the "asymmetric” nitrogen atom to produce the salt. Other investi¬ 
gators, realizing that this was undesirable, used a group other than 
that of the “asymmetric” nitrogen atom as the resolving substituent. 
This modification gave only negative results since the d-tartrates of 
p-tolylhydrazine * (Fig. H) and benzylphenylhydrazine * (Fig. 12) could 
not be resolved. Jones and Millington * using d-camphor-lO-sulfonio 

* Wadekind and Elatte, Bar., SO, 2325 (1027). 

* Eiaft, B«r., SS, 2780 (1800). 

* Bebrand and KOnig, Ann., SS3, 184 (1891). 

* Jonea and MiUincloa, Proe, Cawbridgt PkiL U, 480 (lOOl). 




404 


ORGANIC CHEMISTRY 


add in place of tartaric add, repeated the attempt to resolve benzyl- 
pheny&ydradne, 'without success. They dso prepared methylethyl- 
anilinesulfonic add (Fig. 13} -which could not be resolved with brudne. 
Meisenheimer ^ and co-workers were unable to resolve N-phenyl-N-p- 
tdylanthranilic add (Fig. 14) and N-phenyl-N-of-naphthylanthranilic 
add (Fig. 15) into their antipodes through the strychnine, brucine, 
morphine, and quinine salts. 



C,H,—CH^ 

>N—NH» 
C.H/ 


Fig. 12 



SO,H 
Fig. 13 


C0,H 



C0*H 


CH, 



/C»H» 


Fig. 14 


,-N<( 

^CioH7(«) 
Fig. 16 


All the sulfonium salts which had been resolved contained the 
—CHjCO—grouping, and as a consequence Meisenheimer ’ and co¬ 
workers prepared a number of amines of the typtf f?'f?"NCH 2 COR in 
hopes that they would be resolvable. However, the d-3-bromocamphor- 
S-sulfonic acid salts of N-methyl-N-ethylacetonylamine (Fig. 16), 

CH, CH, 

^N-CHjCOCH, ^N-CHrfJOC,H, 

C,H;^ CtHi^ 

Fio. 16 Fig. 17 


CQ 

CHiCOCHt 

Fig. 18 



(WiOOiH, 

Fig. 10 


N-methyl-K-ethjdphenacylamine (Fig. 17), N-acetonyltetrahydroquino- 
Sna (Kg. 18), and N-phenacyltetrahydioquinoline (Fig. 19) gave com¬ 
pletely native results. 

^ICaimlMmar, Angtmaaa, Pbm, uaA Vini«g. Bw., ST. 1745 (1024). 
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By analc^y to the oximes, Denner * believed that unsymmetricai 
hydroxylamines of this type would be capable of resolution. His en¬ 
deavors to prepare active methylethylhydroxylamine (Fig. 20), methyl- 
benzylhydroxylamine (Fig. 21), or methylbenzyloxy-p-anilinesulfonic 
acid (Fig. 22) were not successful. 

CH, 



Kipping and Salway • introduced still another modification in the 
hope of getting some evidence for the existence of an optically active 
trivalent nitrogen atom. By using dl-methylbenzylacetyl chloride (Fig. 

23) and condensing it with primary and secondary amines, they hoped 
to be able to separate the two diastereoisomers that would result (Fig. 

24) . The amides thus investigated were those prepared from methyl- 


C JI.CHr-C—C-Cl + 2R'—N 

i A 

Fia. 23 


cai,cHr 


CH. o 

.i 


N—R + [RR'NHi]n:i- 


Fia. 24 


aniline, p-toluidine, benzylaniline, and phenylhydrazine. In no case 
were the investigators able to isolate the two forms. Frerejacque,*® 
using d-camphor-3-suIfonyl chloride in place of the df-methylbenzyl- 
acetyl chloride, attempted the same sort of separation by preparing the 
amides of ethylaniline, and o- and p-toluidines, but no isomers could 
be isolated. 

Inspection of the formulas of 2-methyldihydromdole (Fig. 25), 6- 
methyltetrahydroquinaldine (Fig. 26), tetrahydroquinaldine (Fig. 27), 



Fia. 2fi Fia. 20 Fia. 27 


* Denner, Diaaertation, Tabingen (1030). 

’ Kipping and Salway, J . Chem. See., 88, 438 (1004). 

“ Frerejacque, Compl. rand., 187, 804 (1028); Ann. cfct'tn., M, 307 (1060). 
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and tiieir acyl derivatives ^ows that they contain an asymmetric carbon 
atom, and also an “asymmetric” nitrogen atom. Two racemic forms 
or four optical isomers should exist. The fractional crystallization 
at the d-camphor-lO-sulfonic acid and d-3-bromocamphor-8-sulfonic 
add salts was studied by Pope,“ and found to result in the production 
of two active forms only, which are due to the asymmetric carbon 
atom. 

Hayashi “ prepared a compound (Fig. 28) in which all three va¬ 
lences of the nitre^en atom were tied up in a complex ring system. Ai^ 
tempts to resolve this compound were unsuccessful. 



Groth and Hobnberg “ prepared 2-thion-4-methylthiazoline-3- 
acetic acid (Fig. 29), but could not resolve it with d-phenylethylamine. 

S 

II 

< C-N—CHsCOgH 

! 

CH==C—CH, 

Fio. 29 

Stewart and Allen “ studied the resolution of tertiary amines at 
very low temperatures, but were unable to resolve ethylbenzylaniline 
with either d-camphorsulfonic acid or d-bromocamphorsulfonic acid 
at -78® C. 

If the configuration of the molecule could be fixed, then resolution 
should be successful. The possibility that heavy negative ^xmps, 
such as acyl or sulfonyl, would be less mobile than alkyl or aryl ^x>up8 
led Sdbreiber and Shriner “ to prepare the following unsymmetrically 
substituted p-phenylenediamine derivatives (Figs. 30, 31, and 32) and to 
study their resolution by means of d^jamphor-lO-eulfonic acid. In 

n Pope and Clark, J. Chem. Boe., SS, J330 (1904); Pope and Bock, Ond., 91, 458 
(ISOT); Pope oud Rewl, ibid., Vt, 2109 (1910). 

^Hoyaabl, BvU. Inti, Phut. Chem. Reteveh (Tokyo), 9, 970 (1930). 

Hotmberg, Bar., 99, 289 (1907). 

- UBtMrartBiid AUen. J. Am. Chem. Soe., 99, 4027 (1932). 

ud SMnar, (Md., 97. 1306,1449, 1806 (1935). 



OPTICAL ISOMERISM 


407 


these compounds, salt formatidn takes place at the free p-amino group, 
and hence salt formation should not disturb the spatial arrangement 
about the tertiary nitrogen atom. 

CH,<XK^^^SOrfJ,H, CJI,80ss^^^^,CH, 



Flo. 30 Fig. 31 Fio. 32 



These salts were shown by analysis to consist of one mole of the base 
and one mole of the cf-camphor-lO-sulfonic acid. Upon studying the 
optical rotation of these salts it was discovered that methanol, ethanol, 
or chloroform solutions of these compounds exhibited mularotation. 
This mutarotation (cf. p. 307) was shown to be due to a reaction of the 
primary amino group with the keto group of the d-camphor-lO-sulfonic 
acid forming ketimines. Decompc^ition of the salts or ketimines always 
gave optically inactive products. 

Fractional crystallization of the brucine salts of the substituted imide. 
Fig. 33, also failed to yield diastereoisomeric salts. The compound, 
Fig. 34, N-(f-menthoxyacetyl)-8accharin, contains three acyl groups 


CO 

N—CHjCOaH 

SOa 

Fia.33 



CO 


SOa 

Fio. 34 


attached to the nitrogen. Fractional crystallization failed to yield 
diastereoisomers. 

From recent studies on the resonance (p. 1950) of electrons between 
different atoms in a compound, Pauling has suggested that com¬ 
pounds having phenyl or acyl groups attached to nitrogen may not be 
resolvable, owing to resonance between the unshared pair of electrons 
on the nitrogen and the adjacent unsaturated groupings (Fig. 35). 

R R 

R:N; ^ R:N 

• • • •• 

p. * •• •• 

V.” .* C:0: 

" R 

Fia. 35 

“PfcuUng, /. Chem. Pfctf*.. 1, 806 (1033). 
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Mumm and Herrendorfer reported the isolation of two racemic 
forms of the dicyanodihydroquinoline to which were assigned the 
structures shown in Figs. 36 and 37. The compounds were produced by 
the action of cyanogen bromide and hydrogen cyanide on quinoline. 



Pairs of isomerides were also obtained ** with 3-methylquinoline, 
6-methylqumoline, 6-methoxyquinoline, and jS-naphthaquinoline. Both 
the isomerides of Figs. 36 and 37 gave quinoline-2-carboxylic acid upon 
treatment with hydrochloric acid at 150“. Both isomers yielded 2- 
cyanoquinoline by the action of iodine in chloroform in the presence of 
sodium acetate. Iodine in alcoholic pyridine solution converted them 
into the same apocyanine dye (Fig. 38). 


CN 



He continued persistence in the attempts to resolve a trivalent 
nitrogen compound, in view of the astonishing number of failures, can be 
accounted for only by the convincing, indirect evidence for the tetra¬ 
hedral structure of the nitrogen atom. This evidence may be summa¬ 
rised briefly. 

The tetrahedral structure of the nitrogen atom is indicated by the 
classes of compounds known as nitriles (Fig. 39) and the diazonium salts 
(Fig. 40). Since the tetrahedral structure for the carbon atom is well 
established, the ease of formation and staUlity of the nitriles in which 
three valencies of carbon are attached to three valencies of nitrogen is 
Indicative of a tetrahedral structure for nitrc^n rather than a planar one. 

> P Mtinim-and Hwrenderto, R«r., 47, 758 (1914). 
li aiinwny Ludvig, Lu, and Radenh*uMo, MS, S4 (1994). 
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In the second place, it is well known that a nitrogen atom may be 
substituted for a “=CH— group, or an —NH— group for a —CHy— 


R~C = N 



Fiq. 39 


[Ar: N I 



Fig. 40 


radical. Such substitution may even produce an increase in the relative 
stability of the analogous compounds. This is well demonstrated by 
comparing benzene and pyridine (Fig. 41), hexahydrobenzene and 
piperidine (Fig. 42), cyclopentadiene and pyrrole (Fig. 43). It appears 
to be logical that, if a tetrahedral group is replaced by a second group 
without a decided change in stability of the resulting compound, the 
second group must be tetrahedral or nearly so. Such compounds as 
the tetrazoles, Fig. 44, could not possibly form if the bonds of the ni- 



Fio. 41 



gi g 

H, I 


I 

H 


Fig. 43 


(F 

N_N 


Fig. 44 


trogen atom all lie in the same plane. Recently it has been shown 
from x-ray data that the nitrogen atom in hexamethylenetetramine 
(Fig. 45) lies at the peak of a three-sided pyramid with a carbon atom 
at each comer of the base. The presence of the nitrogen atom in a 
complex ring system of the quinuclidine type (Fig. 46), or in such com¬ 
pounds as those shown in Fig. 47 and Fig. 28, makes it almost imperative 





Fig. 46 


Fig. 47 


that the nitrogen atom be tetrahedral, sdnce th^ compounds are very 
stable. 
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la coatntBt to the fact that no trivalent nitrogen compounds have 
been leaolved are the numeroiis {muts of syn and anti oximes (Figs. 48 
and 49) which can be explained only on the basis of a tetrahedral nitro- 
gmi atom. The resolution by Mills and his students of the compounds 
shown in Fig^. 50, 51, 52, 53, and 54 is further proof that the three 
valencies of the nitrogen are not coplanar. The oxime. Fig. 50, would 


R—C—R' - R—C—R' 

II II 

N—OH HO—N 

Fia. 48 Fio. 49 



Fig. 60 


H\ /CHj—CH 


HO^ 




Hr-CH 


>-N 

N—CHsCeH* 

I 

C,Hj 


Fio. 61 


HOjC 


N:hj—CH*/ I 

H—N—CONH, 

Fio. 62 

CH, CH—Sv 

I 1 >>=N 

CH» CH—8^ I 

H—N—CsH4N 

Fio. 63 



possess a i^ne of symmetry if the hydroxyl group extended straight out 
oooxially with the carbon-doublo-bonded-nitrogen linkage. 

Cooperation of the {hysical properties of ammonia, the amines, 
agp other trivalent nitrogen compounds also points rather conclusively 

«* WOt aad B^a. J. Oem. Aoe.. ST. 1866 (1910); ibid., 106. 04 (1914); MiUa wad 
AaMKa 637 (1931); Milto oiid Schindler, arid., US. 312 (im). 
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to a non-planar arrangement of the nitrogen valencies and supports the 
tetrahedral structure.^” Anunonia and the amines possess considerable 
dipole moments which are most readily explained on a tetrahedral basis. 
The principal moments of inertia of the ammonia molecule have been 
calculated from studies on its infra-red absorption spectrum, and these 
data indicate a tetrahedral shape. The exact dimensions of the ammonia 
molecule have been determined:** the perpendicular distance from the 
nitrogen to the center of the face is 0.34 to 0.36 A, the length of the N"H 
distance is 1.01 A, and the distance between any two hydrogen atoms is 
1.64 A; the angle between the nitrogen valencies is 108 to 109.5°. Studies 
on the crystal structure of solid ammonia by x-rays ** and theoretical 
calculations ** point to a tetrahedral arrangement. Also, the dipole- 
moment studies “ and observations on the vibration spectra ** of hydra¬ 
zine indicate a non-planar arrangement of the valencies of the nitrogen 
atoms. 

Since all the foregoing chemical and physical evidence points so con¬ 
clusively to a non-planar arrangement of the valencies of trivalent nitro¬ 
gen compounds, it seems that the failure to resolve suitably substituted 
derivatives of ammonia must be due to some particularly easy mode of 
racemization by a mechanism which requires very little energy. 

Meisenheimer *• pointed out that passage of the nitrogen atom of a 
compound NRR'R" through the plane of the three substituents, R, R', 
and R", would produce the enantiomorphic form. If rapid vibration 
between the two positions shown in Figs. 65 and 56 takes place, only 



many papers, trivalent nitrogen compounds are designated as pyramidal, the 
unshared pair of eleotrons being disregarded. This is merely a matter of nomenclature; 
the viewpoints are identical. Cf. "Organic Chemistry of Nitrogen," Sidgwick, Taylor, 
and Baker, Oxford Univ. Press (1937), p. 38. 

Migeotte and Barker, Phyi. Rev., SO, 418 (1936); Wright and Bandall, tbuf.^ M, 
391 (1933). 

** Mark and Pohland, Z. Kriet, 61, 632 (1926); de Smedt, Bull. td. aead. roy Bdg., 
[6] U, 666 (1926). 

** Penney and Sutheiland, J. Chem. Phyt., t, 492 (1934). 

** Audrieth, Nespital, and ITlioh, J. Am. Chem. Soe., 68 , 678 (1983). 

** Imaniahi, jSct. Papers Inti, Phyt. Chem. Beeeansh {Tokyo), U, 1 (1831); Sutherland, 
Suture, 136, 916 (1930). 

** Meisenharaw, Angemuum, Finn, and Tieweg, Ber., 87,1747 (t9&4). 
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raofflnio modifications would result. A side view of this vibrational 
process is shown in Figs. 57, 58, and 59 in which the dots represent the 
three substituents on one face of the tetrahedron. 



Fia. 67 Fig. 68 Fig. 69 


Such a vibration of the nitrogen atom offers an explanation of some 
of the doublet structure of many of the lines in the absorption spectra of 
ammonia.*’ Wall and Glockler ** have found that the theoretical and 
calculated values for the doublet separations for the parallel type fre¬ 
quencies of mono-, di-, and trideutero ammonias agree very well on the 
basis of such a vibration of the nitrogen atom. 

Calculations of the energy required to cause the nitrogen atom to 
pass through the plane of the hydrogen atoms have been made. The 
values**’ **• *® obtained range from a low of 6 kcal.*» to a high of 11 
kcal.*® per mole. For resolution to be possible at room temperature AE 
should be greater t han 25 kcal. per mole. It thus appears that the 
resolution of an amine of the type NRR'R" is impossible at room tem¬ 
perature. On the other hand, the activation energy for N-methyl- 
ethyleneiniine was calculated to be 38 kcal. per mole, and thus a resolu¬ 
tion of a properly substituted ethyleneimine appears possible.’® The 
resolution of compounds of the types shown in Figs. 60. 61, and 62 


(CH,)j(>-—CH, 

(CHalrC-CH, 

(CH,),C-C(C,Hs), 

\/ 

\/ 

\/ 

N 

N 

1 

N 

1 

1 

SOiR 

1 

R 

1 

R 

Fia.60 

Fig. 61 

Fig. 62 


should be possible; a number of investigations ** have been carried out 
on the G^thesis and r^icdutiott of such compounds, but up to the pr^ent 

” Barker, Phya. Rev., SS, f)84 (1929); Badger, ibid., U, 1038 (1930). 

** Wb& and Glockler, J. Cham. FAv*-. 91« (1937). 

, ** Manailig. Ond., 3,130 (1936). 

** Kincaid and Henriquaa, /. Am. Chem. Soc., M, 1474 (1940). 

A and Cbou. Ann., m, 70 (1939); Adama and Caima, J. Am. Chem 

3*94 (1939) -, Mole aaA Turaec, Chtmvtnf * Induetry, 682 (1929); MaiUand 
A(^ Sepia. Chem. 8oe. (JCondoe!), 90, 248 (1939). 
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tame no positive results have been obtained. Difficulties are experienced 
in synthesizing the properly substituted ethyleneimines and also in 
obtaining crystalline derivatives suitable for separation. 

Quaternary Ammonium Saks. It is well established that in ammoni¬ 
um salts, such as ammonium chloride, the nitrogen is attached to the 
four hydrogen atoms forming the positive ammonium ion and the 
chlorine is present as the negative chloride ion with no direct union 
between the two except the electrostatic charge (Fig. 63). 

The fact that this fifth valence of nitrogen is an electrovalence and 
that the other four are covalencies was shown by Schlenk,** who pre¬ 
pared the two compounds shown in Figs. 64 and 65 and found that these 

■ H 1 + 

H:N;H Cl- [(CH,)4N]+[C(CeHj)>]- [(CH,)4N]+[CHjCsHs]- 

. ii . 

Fia. 63 Pio. 64 Fia. 65 

compounds containing only alkyl groups behaved in a manner analogous 
to other ammonium salts when dissolved in a suitable solvent. They 
conducted the electric current and showed all the evidences of ioniza¬ 
tion. 

Hager and Marvel ^ also demonstrated that five alkyl groups could 
not be similarly attached to a nitrogen atom. The reaction of lithium 
alkyls with quaternary ammonium halides produced unstable penta- 
alkyl nitrogen compounds which immediately decomposed into hydro¬ 
carbons and tertiary amines, as expressed by the following type reaction; 

LiR' -I- [R<N]+Br- -> [R 4 NJ+R'- -|- LiBr 

i 

R,N 4- C„H,„+* + 

In no case w'as the R' group furnished by the alkyllithium ever found 
attached to the nitrogen of the tertiary amine in the final product. 
Meisenheimer “ also succeeded in preparing the two isomeric com¬ 
pounds shown in Fig. 66 and Fig. 67 which underwent decomposition in 
the manner shown. 

[(CH,),N0C>H6]+ [OCH,]- -> (CH,)3N + HCHO -f C»H*OH 
Fio. 66 

[tCH,),NOCH,]+ [OC,H»]- -» (CH,),N + CHgCHO -J- CH,OH 
Fia. 67 

»• Schlenk and Holti, B«r., 48, 603 (1916): 10, 274 (1917). 

“Hager and Marvel, J. Am. Chem. Soe., 48, 2689 (1926). 

“ Mdaenheimer, ^Inn., 887, 273 (1913); Heivw, Btr., 70, 1270 <1937) • 
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If the five valencies of the nitrc^n were equivalent no isomers should 
have been obtained and the decomposition products should have been 
id^ticaL 

With the recognition of the fact that the ammonium ion contains 
only four groups directly attached to the nitrogen atom, it is clear that 
quartemary ammonium compounds with four different groups attached 
(Fig. 68) should exhibit optical isomerism. The nitrogen atom of the 
a mm onium ion should, therefore, be represented as a tetrahedron, 
shown in F^. 69. It is evident that the negative ion plays no part in 
determining the asymmetry of the molecule. 



Fig. 68 


Fiq. 69 


In 1891, Le Bel** inoculated a solution of methylethyUsopropyl- 
isobutylammonium chloride (Fig. 70) with PenictUium glaucum and 
found that after a time the solution exhibited a specific rotation of —7 
to —8”, indicating that the mold had destroyed some of the dextro- 
isomer. 

In 1899, Pope and Peachey ** succeeded in obtaining both the el¬ 
and j-fotiBS of methylallylbenzylphenylammonium iodide (Fig. 71). 


r CjH, ^ 

+ 

r CH=-CH, 1 

1 

1 

CHi— N—C,Ht(i«o) 

i 

Cl- 

(JH* 

1 

CH, 

1 


CH^N—CHjCJIs 

1 

CJH<CH,), _ 


C,H, 


Fio. 70 Fio. 71 

The separation was acomnplished by crystallization of the d-o-bromo-ir- 
camphorsulfonates and decomposition of the two salts by potassium 
kxfide. Wedekind*^ resolved the <^clic compound shown in F^. 72, 
thltB demonstrating that two of the valencies of the nitrogen could be 

** Le Bel, Compt. rend., Ut, 724 (1801); /. efciw. jdiyt., «, 840 (1004). 

, . WBone sod PMobey, J, dum- <Soe, W, 1127 (1800); Pope end Hervey, eWi., TO, 

.WOTedeliiMl «sd Wedddnd, 40, 4460 (1027). 

. i 
» 



OPTICAL ISOMERISM 


416 


members of a ring. However, compounds of the structure shown in 
Fig. 73 could not be resolved, and construction of the model of this 
molecule shows that the R group is in the plane of the two rings; this 
molecule, therefore, possesses a plane of symmetry and should be non- 



Fia. 72 Fia. 73 


resolvable. Many other quaternary ammonium salts have been re¬ 
solved, and there are now many examples of active quaternary ammoni¬ 
um ions.** Some of these are the following (Figs. 74, 75, and 76), where 
R «= C 2 Ha, n-C 3 H 7 , WO-C 3 H 7 , n-C 4 H 9 , iso-C 4 H 9 , or fso-CgHn: 



Wedekind ’* obteuned two forms of the molecule shown in Fig. 77 
corresponding to the meso and racemic forms. 

r C»H» CeHs "1++ 

I I 

CHu—N—€HjCH*CHj—N—CH, 21“ 

I 1 

CjH, C,H* J 

Fio. 77 

Unique proof that nitrogen in ammonium compounds is tetra¬ 
hedral was furnished by Mills and Warren ■**“ in 1925 when they suc¬ 
ceeded in preparing and resolving 4-phenyI-4'-carbeth(«y-6t»-piperidin- 

“ Jones, J. Chem. Soc., SB, 223 (1904); Thomas and Jones, iSid., SB, 280 (1906); 
Jones and HUl, ttnd., 98, 296 (1908); Wedekind and FiClich, Ber., SS, 3438 (1905); 40, 
1001 (1907). 

* Wedekind and Wetteldnd, Ber., 43, 2707 (1010) ; Wedekind and CkMSt, Ber., 4B, 
942 (1016). 

**■ Miiu and Warren, J, Chem. Soc., 187, 2607 (1926). 
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HKOolil'-^Mrane brosoide. This molecule has the nitn^n present as 
the sinrane atom common to the two rings, as shown in the formula and 
cqoaoe drawing, Fig. 78o. With the nitrogen tetrahedral as represented 


" 


OH* 




'E J 


Br- 




Fm. 78a 


in this figure, the molecule is asymmetric and should be resolvable. 
However, if the nitrogen atom were pyramidal, as many early investi¬ 
gators believed, then the model of this compound would appear as shown 
in Fig. 786. This model possesses a plane of symmetry passmg through 


& 



fliA nitrog^ atom and the groups in the 4,4'-po8itions. Its mirroi 
ima 0 H is identical with it, and no optical isomerism is possible. Since 
■ ^ 1 ^ 1 * ifHtcceeded in resolving the compound, it follows that the first 
lipiiane structure is wirrect and the aitR^ien atom is tetrahodr^. This 
.Hl^bitse k^nalogous in every respect to the spiranes previously diacuased. 
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in which a tetrahedral carbon atom occupies the position coouncm to 
both rings. 

The preparation of the two quartemary salts shown in Figs. 79o and 
796 has been reported by J. R. Johnson.*®* The first compound (Fig. 



79a) contains two similar asymmetric carbon atoms and hence exists in 
a dl and a meao form, both of which were isolated. 

The second quartemary salt (Fig. 796) contains a pseudoasymmetric 
nitrogen atom and hence this salt should exist in one racemic modification 
and two meso forms. All three forms were isolated. 

Amine Oxides. These compounds, which have the general formula 
R3NO, may be prepared by two methods. The direct action of 
hydrogen peroxide on a tertiary amine results in the formation of a 
hydrate (Fig. 80) in the solution. Evajmration of the solution yields 
crystals of the amine oxide dihydrate, R 3 NO-21120, which, upon gentle 
heating in a vacuum, loses its water of crystallization and combmation, 
and yields the anhydrous amine oxide shown in Fig. 81. 


R 

R;N: -f HjO* 

• • 

R 


- R -j + 

R:N:OH OH* 

. R 
Fig. 80 


R 

R:N:0: -f H,0 

R " 

Fig. 81 


A second method of preparation is by the condensation of a dml> 
Btituted hydroxylamine with an alkyl iodide. The quaternary iodide is 
treated with silver hydroxide and a hydrate is produced which upon 
drying tn vacuo gives the amine oxide. The equations at the top of p. 418 

summarize the reactions. , . , , x _* «• 

These amine oxides and especially their hydrates are crystalline 
solids readily soluble in water. Such solutions possess a rather low 
conductivity as compared with the quaternary ammonium hy^xid^. 

The structure shown in Fig. 82 represents the oxygen as hela to the 
nitrogen by a semi-polar linkage: i.c., by a pair of electrons furnished by 

Jolnson, Natiowa Orgamo Chwniztry ^poaum, St. Loui^ Mo. (1988). 
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the nitrog^ atom. Hie evidence in favor of aoch a structure is based on 
a determination of dipole moments, paraohors, and especially on Metsen> 
heimer’s observation that amine oxides containing three different R 

1 + 

[OH]- 


R 

■ R 


■ R 

R:N;():H-H BI -♦ 

• • •• 

R:N:0:H 

^ AgOH 

I- - y. 

R:N;0:H 

• • • • 


L R J 


L R J 


R 

R:N:0: 

*• *• 

R 

Fia. 82 


groups are capable of being resolved into optical enantiomorphs. The 
spatial formula for such molecules is shown in Fig, 83, in which the 
nitrogen atom is represented by the tetrahedron. The amine oxides form 



addition compounds with alkyl halides and acids, as indicated by the 
equations: 

R,NO + CH,I [R,NOCH,]+I- 

R,NO + HX [R,NOH3+ X" 

Using the last type of reaction Meisenheimer formed salts of 
asymmetrical amine oxides with et-bromocamphorsulfonic acid, sepa¬ 
rated the dutstereoisomeric salts, and regenerated the amine oxides by 
means of alkali. In this manner, the following amine oxides were re¬ 
solved: 


CA 

C*H, 


iTVS 

: ji : 6 ; 
" 

CHit N : 0 : 

OH,; N : 0 : 


CH 

CH, 


CuH, (a) 


jr0>4o« 


am-sa* 

Em. 84 

Fto.85 

Fut. 86 

Fw. 87 


«** Bcr., it, 3006 (100^; Anib, 386, 117 (1911); 418, 202 (1922); 448 
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It ifi noteworthy that the molecular rotations become higher as the 
differences between the groups become greater (Figs. 84, 85, 86, and 87). 

Sulfur. Sulfonium Salts. The reaction between sulfides and an 
active halogen compound produces sulfonium salts with the structure 
shown in Fig. 88. If the sulfur possesses a tetrahedral distribution of 


R' 

R:S: + R":X: 


R' 

R:’s: 

L R"J 
Fiq. 88 


:X: 


its valencies and the unshared pair of electrons acts as the fourth group, 
then optical isomers are possible, provided that the R groups are dif¬ 
ferent. 

The resolution of sulfur compounds of this type was accomplished 
simultaneously by Pope and Peachey and by Smiles in 1900. The 
addition of bromoacetic acid to methyl ethyl sulfide yielded methyl- 
ethylcarboxymethylsulfonium bromide (Fig. 89). 


CaH, 

CH,:S: -I- BrCHjCOjH 

« « 


C*Hs • 
CHs.-S: 

CHs 

1 

COsH 
Fig. 89 


Br- 


This bromide was treated with silver d-camphorsulfonate, the silver 
bromide was removed, and the resulting d-camphorsulfonate (Fig. 90) 

CiHs 1+ 

CH,:S: [OSOjCioHnO]- 

CH, 

I 

L C02hJ 

Fig. 90 

was recrystallized 46-50 times from an alcohol-ether mixture. The less 
soluble salt proved to be the (f-raethylethylcarboxymethylsulfonium- 
d-camphorsulfonate which possessed a molecular rotation of Md = 4-68°. 
The rotation of the camphorsulfonate ion is 4-51.7°, which leaves a 

itiid Poftohoy* J . Cfcem. S<fe.t 77, 1072 (1900). 

« BmilM, iM., 77, 1174 (1900). 
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rotatk>n of +16.3“ for the optically active (f-sulfonium ion. Treatment 
with obloroplatixuc add removed the camphorsulfonate ion and gave 
the chloroplatlnate (Fig. 91) which had a specific rotation of +4.5“ and 
Mxi of +30.2“. 

By a similar procedure, Smiles** obtained the picrates of the two 
active forms of methylethylphenacylsulfonium ions (Fig. 92) by crystal¬ 
lization of the d-bromocamphorsulfonates. 


r c,H,n 

+ 

r c,H. n 

+ 

r 0 - -1 

CH,:S: 

CH, 

[PtCl,]- 

CH,:S: 

CH. 


O.N^AsNO, 


2 

-§ 

_ 1 


V. J 


Fia. 91 Fig. 92 


c2-fonn, o© ™ 
Worm, OD ■“ 


+8.1“ 

-9.2“ 


The mercuritriiodide and tetraiodidc of the phenacylmethylethyl- 
sulfonium salt have been obtained in optically active forms and also 
the cadmiiodidea.** Their formulas (Fig. 93) may be represented as 
follows: 

B+[HgI,]- [B+],[HgI«]- [B+]2[Cdl4]- [B+],[CdIJ- 


where B is 


Fig. 93 


C,H 5 


CH,:S: 

CHj 

lOCeHs. 


tc 


An attempt by Smiles** to secure optically active sulfonium com¬ 
pounds by the combination of methyl ethyl sulfide with l-menthyl 
a-bromoaeetate failed since the two diastereoisomeric methylethylthe- 
tine bromide i-menthyl esters were produced in equal amounts. 

Wedddnd** obtained two forms (m.p. 123“ and 164“) of the com¬ 
pound shown in Fig. 94 which correspond to mcso and racemic forms. 

r CH, CH, 1++ 
|c^»;8:CHjCH»:8:CiHtJ 21 - 

Fio. 91 

This con^xKind has two amilar sulfur atoms acting as centers of asym' 

I ftyUlfn, Eeiqron. and Aid., 2654 (1990). 

ibid., ar, 450 (1906). 

bw., ss, 2610 asm . 
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These optically active sulfonium ions of the general formula in Fig. 95 
are electronically sinular to the negative carbanions, Fig. 96, discussed 


- B - 

+ 

R ■ 

R':S: 

x- 

R':C: 

- R". 


R". 


Fig. 95 Fio. 96 


on p. 388. In each case one comer of the tetrahedron is occupied by an 
unshared pair of electrons. 

Sulfinic Esters and Sidfoxides. The resolution of sulfinic esters of the 
general formula RSOOR was of great importance, since it was the first 
case of the existence of optical isomers in a netUral compound containing 
only three groups attached to the central atom. In 1925 Phillips** 
digested together the p-toluenesulfinate of 1-2-octanol and ethyl alcohol. 
A partial ester interchange took place, and by fractional distillation the 
optically active ethyl ester was obttuned. The only stmcture capable of 
explaining the optical activity of this ester is that shown in Fig. 97 which 
must replace the old formula shown in Fig. 98. 



Fio, 97 Fig. 98 


It is clear that in Fig. 97 the sulfur is asymmetric, whereas in Fig. 98 no 
asymmetry is indicated. In the same way, the optically active n-butyl 
ester of p-toluenesulfinic acid was obtained. The process was also suc¬ 
cessful if h-menthyl p-toluenesulfinate was used as the starting material. 

The fact that sulfur compounds of this general structure may exist 
in optically active forms was even more strikingly confirmed by the 
resolution *’ of the three sulfoxides shown in Figs. 99, 100, and 101. 


COiH COiH 



Fig. 99 Fro. 100 Pia 101 


“ PhiUipa, J. Ch*m. Soe., IW, 2662 (1926). 

*’ Barriwin, Kenyon, and Phillipo, Und., 2079 (1026). 



422 


OEGANIC CHEM10TEY 


Tlie disulfoxide ^own in Eig. 102 contains two similar aqrmmetric 
CO*H OCOCH, 



CH,:S: :S:CH» 

» • • • 

: 0 : : 0 : 

Fio. 102 " 


CeHsrS: 

• • 

: 0 : 



• 0 

; 0 : 


OCOCH, 
Fio. 103 


sulfur atoms and hence should exist in a meso and racemic modification. 
This prediction was realized experimentally by Bell and Bennett/* 
who obtained the two isomers. One of them was resolved; the other 
resisted resolution. The two diastereoisomers of Fig. 103 were obtained 
by Maclean and Adams.** 

The electronic formulas shown above for the sulfinic esters and sulf¬ 
oxides represent the oxygen attached to the sulfur as a semi-polar oxy¬ 
gen. This linkage of the oxygen to the sulfur by a single pair of electrons 
is supported not only by the above stereochemical evidence, but also by 
measurements of the dipole moments of sulfoxides. 

Svlfliminea. By the condensation of chloramine-T with m-carboxy- 
phenylmethyl sulfide a compound was obtained known as a sulfilimine, 
usually represented by the formula shown in Fig. 104. This compound 


CO,H 



Fia. 104 


was resolved into d- and f-forms by means of the brucine and cinchonine 
salts. The conventional structure above indicates no reason for the 
asymmetry. Clarke, Kenyon, and Phillips ** point out that, if the nitro- 
gen-eulfur linkage is semi-polar like that of the sulfur-oxygen linki^ in 
Fig. 99, then the sulfur atom is asymmetric and the existence of optical 
isomers becomes obvious. Such a structure is shown in Fig. 105, in 


•O--!- - CO,H 
:N: S*; 

;6; *CH,'===' 


Fro. 106 

*9^ Hid Bennett, ibid., i <1930). 

Hid Adami, /. Am. CW Soc,, W, 4681 (193$. 
‘ K«won, sod Phflllja, J. Chtm. 5oe, 188 (1927). 
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which the asynunetric sulfur atom is indicated by an asterisk. Tlie 
anak^ous ethyl derivative was also resolved (Fig. 106). 


0 :+ - 


CO»H 


CH3/~\:S:N:S*: 


W. 


: 0 : C,H 5 




WjMl - + 368» 
Fia. 106 


Selenium. The selenonium salts behave in a manner quite anal¬ 
ogous to the sulfonium salts. Thus, methyl phenyl selenide copibines 
with bromoacetic acid to give methylphenylcarboxymethylselenonium 
bromide (Fig. 107). 

C,H» 

CHi^Sei -|- BrCHjCOjH —> 

« • 


Fio. 107 


C,H» 

CHi 

1 , 
cojhJ 


Br¬ 


in this compound the selenium is a8)nmmetric and should exhibit 
optical isomerism. By treatment with silver d-bromocamphoreulfonate, 
Pope and Neville “ succeeded in obtaining the bromocamphorsulfo- 
nates which were separated by repeated crystallization. The bromocam- 
phorsulfonates were converted to the chloroplatinates (Fig. 108) which 
had Md of -1-55.0 and —54.3°, respectively. 


C«Hs "1+ 

[PtCle]- 

CH, 

I 

L COiH J , 

Fig. 108 

Attempts to resolve “ selenoxides of the structures shown in Figs. 
109,110, and 111 failed, although it is to be expected that the resolution 
of this type of selenium derivative should be possible if the ri^t condi¬ 
tions were obtained. 

Pope end Neville, Aid., SI, 1552 (1902). 

** Qaythweito, Kenyon, and Phillips, Aid., 2280, 2287 (192^; Sdwaids, Qaythwaite 
Kmyon, and Phillips, Aid., 2293 (1828). 
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CHsA^:&:0: 

CcH* 

Fio. Ill 

Tellimum. The quadrivalent derivatives of this element were for 
some time cited as the outstanding examples of the presence of four 
valencies in one plane. Vernon “ reported the isolation of two geo¬ 
metrical isomers corresponding to Figs. 112 and 113, but recent investi¬ 
gations by Drew “ and by Lowry and Gilbert have shown that no such 
isomers exist, and that the compounds obtained were molecularly dif¬ 
ferent. In 1929, Lowry and Gilbert “ isolated phenyl-p-tolylmethyl- 
telluronium salts (Fig. 114) in optically active forms which had molecular 
rotations of about 70°. The compounds racemize readily, but the beha¬ 
vior of these telluronium salts indicates that they are very similar to the 
sulfonium and selenonium salts. The tellurium atom is hence tetra- 

I CHa 

I I 

CHr-Te—CHa CHr-Te—I 

I I 

I I 

Fro. 112 Fro. 113 


C«Ha:Te:0: 


CH, 
CeH,:Te: 

CtHiCHt 
Fro. 114 


T + 


X- 



CH, 
Fio. 116 



hedral and not planar since no optical activity whould be possible if the 
above structure were planar. Telluronium oxides (Fig. 116) have not as 
yet been split into optical enantiomorphs. 

Tin. In 1900 Pope and Peachey** ssmthesized methylethyl-?;- 
propylstaononium iodide (Fig. 116) by the following reactions: 


Sn(CH,)a Sn(CH,),C,H6 


Sn(CH,),(C,H,)(C,H 7 ) 8n(CH,),(C»H»)I 


C,H, 

CH,;& 

C,Ht. 


I- 


Fig. 116 

** Vwraon. 117, so, 889 (1920); Kaaoii wd Vamon, Ma., 119, lOB <1991). 
tMd., 660 <192^. 

■»L«nR9^Mld Gilbert. Orid^ 38«7 (19X9). 

|i»6 Faadwy, JProe. Sov. danStm), 19, 42,116 (1900). 
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llie product was a yellow oil insoluble in water. Wben treated with 
silver d-camphorsulfonate a salt was obtained which had Mrt of +95®, 
thus indicating that the rotatory value of the methylethyl-ri-propyl- 
stannonium radical was about +45°. The salt was then converted back 
to the iodide which was an oil with Md of +23°. Hence, the tin com¬ 
pounds are analogous to the other optically active onium salts, and the 
tin atom is tetrahedral in these compounds. Only the d-form of the 
above salt could be obtained, since, on concentrating solutions of the d- 
camphorsulfonate salt, the d-methylethyl-ri-propylstannonium d-cam- 
phorsulfonate was the less soluble and crystallized out of solution. The 
Worm in solution changed over to the d-form as evaporation of the 
mother liquor proceeded until the conversion was complete. Similar 
results were obtained with the stannonium salts of d-bromocamphorsul- 
fonic acid. 

Germanium. Schwarz and Lewinsohn added germanium to the list 
of elements with tetrahedral asymmetry by the resolution of phenyl- 
ethylisopropylgermanium bromide (Fig. 117) through the d-bromo- 
camphorsulfonate. CeHsn + 

(CHdsCHtGe Br" 

C*Hs. 

Fio. 117 

Phosphorus. The investigations on the compounds of phosphorus 
have not been so numerous as those on the nitrogen compounds. 
Although unsymmetrical phosphines RR'R''P and phosphonium com¬ 
pounds [RR'R"R'"P3+X~ should be resolvable, no optical isomers of 
these compounds are known. The action of alkali metal alkyls on 
quaternary phosphonium halides shows that no pentaalkyl phos¬ 
phorus compounds exist in which five equivalent valencies are attached 
to the phosphorus atom. 

However, Meisenhdmer ” succeeded in resolving methylethyl- 
phenylphosphine oxide (Fig. 118) by means of ot-bromocamphorsulfonio 
add. Kipping *® also obtained the two diastereoisomeiic forms of 
phenyl-lS-naphthylphosphoryl-Wnenthylamide (Fig. 119). 

CjH* NHCmiHi»(1) 

CH,:P:6: C»HsO:P : '6: 

•m *• «• •• 

O 

CxoHtC/S) 

Fio. 118 Fig. IW 

Sefawftn liewiMohUi Ber*, M, 2352 (1931). 

** Coffnuua and Marvd, JT* AiHo CAem. Soo.* 81* 8496 (192^* 

•• MciBonhttmw aad liehtBMtadt, Ber.* M, 356 (1911). 

9* Kippinc dutUoikgOTf J* Ch€tn^ 3oc*, 89* 6S6 (1911)^ 
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The meao and mcfflnic fonns of ethyl triphenylmethylpyrophospho- 
nate (Hg. 120) have been obtained by Hatt.“ Both forms give the 

OC,H* OC,Hs 

I 1 

(C,H»),C-P-O-P-C(C,Hs), 

i i 

0 0 

Fio. 120 

same add (Fig. 121) on hydrolysis, owing to ionization of the hydrogen 
atoms from the hydroxyl groups. 

OH OH 

1 1 

(C6Hj)jC—P— 0—P—CCCeHOs 

I i 

o o 

Fio. 121 

Arsenic, The stereochemical configuration of amenic compounds is 
in ail probability similar to that of corresponding derivatives of nitrogen 
and phosphorus. 

Investigations have shown that in arsonium compounds only four 
groups are directly linked to the araenic and that the fifth valency is an 
electrovalency. Friedrich and Marvel “ studied reactions which might 
lead to isomeric products of the type R 4 ASR' and EsR'AsR, as indi¬ 
cated by the following equations: 

2LiC4H«-l-2[(C,H.)4AB]+Br- 2[(C*Hs)«As]+[C4H»]-+ 2LiBr 

i 

2 (CaHf)»AB + C 1 H 4 + C*Hj -f- C4Hg + C4Hia 

LiCJEg-H C(C,H*),(C4H,)A8]+Br-— [(C*H*),{C4H,)Aa]+[C2H6]--l-LiBr 

i 

(C,H»)*(C4H,)As + C*H4 + C,H« 

The pentaalkylaimnm were very unstable and could not be isolated, 
Imt the fact that these two reactions gave entirely different decompod- 
tion products showed that the arsenic atom does not share five pairs of 
dbetrons with five alkyl groups. The alkyl group furnished by the 
fithium never appeared attach^ to the arsenic in the tertiary arsine. 

Attempts to resolve arsonium compounds were for some time un- 
ijdooessfuL finally, in 1921, Burrows and Turner « succeeded in ob- 
tKd., 776 (193«. 

uui Marval. /, Ckm. 890 ., M, 376 (1030). 

ORwroM Md Turner, J. C8um. Soc^ 426 (1931). 
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taiimig a solution of phenyl-o-naphthylbenzylmethylarsonium iodide 
(Fig. 122) which showed a slight dextro rotation. Tlie arsonium com¬ 
pound was resolved through the use of d-bromocamphorsulfonic add, 
and the molecular rotation of the salts indicated rather conclusively 
that resolution was effected but racemization occurred during the re¬ 
moval of the bromocamphorsulfonic acid. The iodide itself also race- 
mized quickly. ICamai ** resolved the arsonium iodide shown in Big. 
123 by means of the d-bromocamphorsulfonate. After ciystallization of 


CioH7(a) 

+ 

C 2 H 6 

C.Ht.-A^rCH, 

I- 

(q;)CioII 7 r As 1 CiE[j(n) 

CHj 


CH» 

1 

C,H* _ 


1 

C.H» 


Fiq. 122 Fig. 123 


this salt, it was treated with potassium iodide. The active iodide with 
[a]o of +9.8° in acetone was obtained, but rapidly racemized. 

A much more satisfactory example of an optically active arsenic 
atom was found in p-carboxyphenylmethylethylarsine sulfide (Fig. 124), 

CH, 

C,Hs:Aa:S: 



CO*H 
Fig. 124 


which was resolved by Mills and Raper “ in 1925. The constitution 
of compound is similar to the amine and phosphine oxides, but 
whereas the latter are basic and form salts, the tertiary andne sulfides 
are neutral and the compound was resolved by salt formation of the 
carboxyl group with brucine. Both d- and Worms were obtained, 
[a]jj = ±19°. It seems that one of the factors contributing to the suo- 
oess of the resolution is the fact that the arsenic atom was left undis¬ 
turbed by the processes of salt formation and decompomtion imcessaiy 
to the resolution. 

Chatt and Mann ** have prepared ethylene-a,|S-&is-(phenyI-n»butyl- 

MKamai, Ber., 86, 1770 (1033). 

« Mills and Rapw, J. Chem. Soc., UT, 2479 (1025). 

M Chatt and Mann, ibid., 610, 1622 (1039). 
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foeam) wUch has been converted into the &is-(methopierate) (Fig. 125). 
This latter compound was separated into two isomers which represent 
meao and racemic forms. Two similar 4-oovalent arsenic atoms make 
teJs isomerism possible. 

Hie same diarsine was also converted to the &tV(arBine sulfide) (Fig. 
126) which was isolated in meao and racemic modifications. One was 
rapidly converted to the other by heating. On the other hand the 
diarsine coordinated with palladous chloride gave two diastereoisomeric 
non-ionic compoimds (Fig. 127) which were extremely stable and did not 


CH, 


C«H» 

/ 

CHi—As—€.H5 

I 

CHj—As—C«H, 


{O-CJlj(N 0 s),)a- 


\ 


C 4 H, 


C4H, CsHs C4H, CjHs 

\/ \/ 

CH»—As-^S CHi—As\ 

1 I ):pdci, 

CHi—A 8 ->S CHs— As/ 

/\ /\ 

C4H, C.Hs C4H, CeHj 


CH, 
Fio. 126 


Fio. 126 


Fig. 127 


undergo interconversion even in molten state. This stability may be due 
to the fact that the asymmetric arsenic atoms in the palladium com¬ 
pound form part of a chelated ring and thus cannot readily undergo a 
change of configuration. 

There is considerable evidence from spectroscopic and electron dif¬ 
fraction studies to show that stereochemically the 3-covalent arsenic 
atom can be regarded as being at the top apex of a partiaUy flattened 
tetrahedron,*’ the intervalency angles at the arsenic atom beii^ about 
100 ® instead of the normal value (60°). 

Organic compoimds containing 3-covalent arsenic have now been 
prepared, and the rmilta are confirmatory of the physical data on the 
structure of the arsenic atom. Allen, Wells, and Wilson •• treated 
7 -diloro-7,12-dihydro-7-beMophenarsazine (Fig. 128) with silver dr 
bromocamphomilfonate and obtained two diastereoisomeric compounds, 
Big. 121, with M-d of -1-211.4° and -1-358.4“, respectively. The exist- 
^ce of these two diastereoisomers may be due to the asymmetric arsenic 
atom mce no optical ismners od secondary amines are known, or it may 

Sutberland, Lee, and Wu, Ttmu, faraiai/ Soe,, SS, 1373 (1030): Pauling and Brook- 
mqr, /• Am. Chem, 8oe., Vt, 2084 <10M); QrqW Hampaon, Jenkuo, June*, and Sutton, 
PWodog Sac., SS, 8SB (19871; SisingaS and Brookwajr, /. Am. Chem. 8oc., M, 996 
Bndi«y, Pha. Mag.. 47, 667 (103«. 

•• Ah«B, and Wilaon, J. Am. CAem. Soe., M. 238 (1934). 
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be due to molecular asymmetiy produced by a folded structure of ihe 
molecule. 



Fig. 128 Fig. 129 

Lesslie and Turner ** prepared lO-methylphenoxarsine-2-carboxyIic 
acid shown in Fig. 130. 



CH, 
Fra. 130 


<R*Compoand; m. p. 202''20.^^ 

d-Isomer; m. p. 13^-136®; (alB79i + 95® 
^Isomer; m. p. 13^136®; (altT9i ~ 96® 


The acid was resolved by means of strychnine, the two optical anti¬ 
podes were obtained with the rotations indicated. The authors suggested 
that the asymmetry of the molecule is not due to the arsenic atom alone, 
out that the molecule possesses a folded structure about the oxygen- 
arsenic axis. Fig. 131. The non-planar position of the rings seems reason¬ 
able in view of the measurements of the angle between the valencies of 
the oxygen atom. The two optical isomers may be represented by the 
figures shown in Fig. 131. The addition of methyl or ethyl iodide to the 



(d-tona) fUacmiJ 

Fio. 181 

** Leealte Mtd Tomer. J. Chem. Soe., 1170 (1934). 
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optical^ active fomis caused laoemization to occur. If the optical 
activity is due to an asymmetric arsenic atom, the dimethylatsonium 
ctnnpound diould be inactive. The addition compound with ethyl 
iodide (Fig. 132) should still contain an asymmetric arsenic atom as the 



aisonium ion and should retain its asymmetry. It was suggested that 
the racemization taking place when the active compound is treated with 
an alkyl haUde is due to the fact that the conversion of the trivalent 
arsine to the arsonium salt involves a diminution in the effective size 
of the arsenic atom. The ionic radius of the arsenic in the arsonium 
ion is smaller than that of the arsenic in an arsine. According to Lesslie 
and Turner this change in the size of the arsenic atom would cause such 
agitation in the folded structure that racemization would result. 

Tlie compounds corresponding to Fig. 130 with a phenyl or ethyl 
group in place of methyl on the arsenic atom were also resolved. Oxidar 
tion erf the active form of the phenyl derivative resulted in complete loss 
of activity. On the other hand, it was possible to resolve 10-phenyl- 
pheuoxar8ine-10-oxide-2-carboxy!ic acid ” (Fig. 133). The active forms 



Fro. 133 

were relatively unstable. Owing to the similarity in size between the 
positively dieuged arsenic and oxygen atoms, the stability of a folded 
configuration in this molecule might be so decreased that optical activity 
d^iendent on it would not occur. This molecule, therefore, probably 
represents molecular dis^unmetry erf an arsenic oxide which previously 
idl f^ttempts have failed to demonstrate.” 

*• tewUe and Tunuir, 1051, 1288 <1085}; 780 <1036). 

, ” iMrfla, aid., 1060 (108^. 

and Tiling, Oid., lit, 426 <1021); AaseUinuum and MoOelaiid, ibid., 
ms{JbOStiiAMBbSmmtL. ibidem <1K5}. 
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Chfltt and Mann ” point out that the previous work on the phenoxar- 
sine derivatives can be interpreted on the assumption either that the 
three rings are coplanar and the R group on the arsenic atom projects 
above or below this plane or that the intervalency angle C—As—C 
within the ring has a value which necessitates a folding of the molecule 
about the 0—As axis. In the latter case, a planar distribution of the 
valencies of the arsenic atom, though unlikely, is not excluded. These 
investigators have prepared and studied 5,10-di-p-tolyl-5,10-dihydroar- 
santhrene (Fig. 134), which has resulted in more decisive evidence for 





the non-planar valency disposition of the 3-covalent arsenic atom in its 
organic compounds. Assuming that the valencies of each arsenic atom 
are to be mutually inclined at an angle of about 100®, the molecule can¬ 
not be planar. The folding can apparently lead to the production of 
three isomeric forms shown in Figs. 135,136, and 137. 



Upon construction of the models, it becomes evident at once that, 
owing to the small angle, the two cfs-tolyl groups (denoted by the letter 
T) in Fig. 136 become almost coincident in space and that this form 
cannot therefore exist. Satisfactory models of Figs. 136 and 137 can be 
readdy constructed. The experimental results led to the isolation of two 
stable forms, confonning presumably to Figs. 135 and 137. The two 

M Chau and Mann, ibid., 1184 (1940). 
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isom^ by the action of bromine gave the same tetrabromide, 5,10- 
ditoIyi-SjlO-dihydroarsanthrene 5,6,10,10-tetrabroinide (Fig. 138) which 
in turn was hydrolysed to a single tetrahydroxide. 



Boron, Beryllium, Copper, and Zinc. These four elements, consti¬ 
tuting the other known elements of the tetrahedral group, are discussed 
together because the tetrahedral character of each has been demonstrated 
by the formation of spiranes. These spiranes have the tetrahedral 
element as the spiro-atom, and the two rings are formed as the result of 
chelation. 

Boric acid reacts with two molecules of salicylic acid to produce 
the complex shown by Fig. 140. 



Fio. 140 


Boron compounds normally have six electrons in the valence shell of 
tlM boron atom (Ilg- 139), but, by sharing an additional pair from the 
oxygen of the carboxyl group (Fig. 139) left after ionisation of the hydro¬ 
gen atom, it is able to form the m<H« stable octet and thus becomes a 
^piro-atom in the chelate (p. 18^) compound (Fig. 140). Bdeseken 
:^sietionally crystallized the strychnine s^te of this complex; compound 
•ad obtained s dextrorotatory fraction with [a]D +22.6**. The otho' 

^ i B O a mkUi and Maidenboff, Proe. Aead. Bei. Amatardam, f7, 174 (lSEi4}; Rowihrim 
ani4 Vwnnehnn, Ber., ST, 1337 (1924). 
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fraction was levorotatory. The optical activity of this boron complex not 
only establishes the chelate structure, but alro shows that the distribu¬ 
tion of the valence forces about the boron must be tetrahedral. It should 
be noted that the model of this complex, using a planar boron atom, 
would possess a plane of symmetry and hence be non-resolvable. Either 
a planar or pyramidal structure would predict geometrical isomers which 
have not been found. 

Beryllium is normally bivalent, containing four electrons in the 
valence shell of most of its compounds. However, the reaction of 
berylUum carbonate with the brucine salt of the enolic form of benzoyl- 
pyruvic acid produces the complex shown in Fig. 141, in which the 


CgHj 

C—OH 

2Lu 

io 

tj^OiBrucioe 


+ BeCOa 


C«Hs CeEfi 

H-C n- -n C—H -1-C0* + H,0 

\ . P.- P.-, / 

C- -C 

ioiBrucine io»Brucine 
Fio. 141 


beryllium has shared an additional four electrons in order to complete 
its octet and form the chelate compound with the beryllium atom as the 
spiro-atom of the spirane. 

Mills and Gotts fractionally crystallized these brucine salts and 
obtained two diastereoisomeric salts which showed mutarotation in 
chloroform to the same value. 

1. Fraction [a]Mtl ~ -|"25.0°] Mutarotation 

->• [a] = -1-5.0“ 

2. Fraction [a]HH “ —ll.8°J 

Decomposition of the salts by dimethylamine gave values of -1-1.1® and 
—0.6® for the two forms of the beryllium complex. The two forms 
raoemized very quickly. Copper and zinc formed chelate compoimds 
of the same type as shown for beryllium when copper acetate or jdnc 
carbonate was substituted for beryllium carbonate in the initial reac¬ 
tion. Fractionation of their brucine salts also produced mutarotating 
diastereoisomeric forms. 

Palkdium. Rdhlen and Hhbn crystallized the d-bromocamphor- 
sulfonate of the cmnplex palladium ion shown in Fig. 142 and obtfuned 

n Milk »ita Gk>tta, J. Chem. Soe., S121 (1^. 

*• Bcilitoii sad Hahn. Ann., 489, 43 (1931). 
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two diastoreoisomeric salts. One sidt had a molecular rotation of -f-582^ 
with Mu for the dextro palladium complex ion of +36®. The other salt 


Hj Hj 

(CH,),C—N . . N^(CH,)» 

I :pci: I 
HtC—N • • N—CH» 

Ht H, 

Fig. 142 


++ 

I 

2[CioHisOBrSO,]- 


had Mu of +506®, which indicates a molecular rotation of —40® for 
the leva palladium complex ion. 

Hatinam. Reihlen and Hilhn also obtained evidence indicating 
asymmetry of the platiniun complexes shown in Fig. 143 and Fig. 144 
by crystallization of their d-bromocamphorsulfonates. 



Fig. 143 Fia. 144 


Elements with an Octahedral Distribution of Valencies 

The classical investigations of Werner, Keiffer, Jaeger, and others 
on the structure of various coSrdination complex salts have established 
the fact that certain of these may exhibit optical isomerism, and that the 
probable distribution of the valencies of all types is octahedral about 
the central atom. These compounds and their isomerism have been 
thoroughly treated in inorganic textbooks and books on stereochemistry; 
hence only the fundamental ideas concerned will be discussed in this 
section. It is important to note that the same principles already cited 
in respect to car^n again apply here. For optical isomeruon the pre¬ 
requisite is an asymmetric mrdeeule. 

The general structural types which have been resolved into (^tical 
euantimnerphs are as follows: 

I« type MA 3 . (M ■■ metal, A >■ a bivalent codrdinating group.) 

f 3 ie oNitral atom has its six valencies distributed and used by the 
A in such a manner that nmi-superimposable mirror images 
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result (Figs. 1 and 2). It is customary to represent the spatial formulas 
by the figures shown rather than by means of an octahedron, but by join¬ 
ing the six points about the central atom, an octahedron results (Fig. 3). 



Specific examples of compounds of this type are shown in Table I. 
II. Type MAjOa S'lid MA 2 B. (A and B = different bivalent co¬ 
ordinating groups; a = monovalent coordinating groups.) 



Fio. 4 


Fio. 5 


The mirror-image relationshipts of this type are shown in Figs. 4 and 
6, and Figs. 6 and 7. 





Fia. 6 


Fia.7 
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TABLE I 

OmcAii.r Aorara Compuix Ions or thb Ttfb MAt 
Aniont 



h(CO).]' 
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^)ecifio examples of compounds of the second type are shown in 
Tables II and III. 

TABLE II 

Opticallt Acttve ComvjjSx. Ionb op thb Ttpb MAiOt 
Antons 


KCTH' 


Caliont 


K h,n-cha -| + 

K H,N—CHA -1 + 

( CHa -1 + 

HiN—in I (NOj). 

H.N—(1:h,/, 

/h,n-cha/ T \ 

Col i )I H,N-CH (NO.), 
\H,N-CH,/\ I / 

\h,n—ch/ 


K H.N—CH.\ -It 

K H.N-CHA -] + 

K H.N—CHA y 


TABLE III 

Opticallt Acnvi! Complex Ions op th® Type MA,B 
Calions 



III. Type MA2a5. (A = bivalent coordinating group; a and 6= 
different monovalent codrxhnating groups.) 

Many compounds corresponding to Figs. 8 and 9 which represent the 
mirror-image relationships are known for complexes of cobalt. The 
cation has the general formula 




438 


OEGANIC CHEMISTRY 


X aad Y are various combinations of Cl, Br, NOj, NCS, HjO, 
NHa, NHaOH. An anion of this type is: 



Fio. 8 Fig. 9 


IV. TypeMAoaba. 



Fw. 10 Fig. II 


The compounds corresponding to the Figs. 10 and 11 which have 
been resolved are: 

r /H*N—CHA 1+ r //O—0«0\ 1- 

Co 1 )(NH,),CU Co(< I ) (NH,),(NO,), 

L \H*N—CH,/ J L \N>—6-0/ J 

Elements witfi a PUmar Distribution of Valencies 

Ibe chief compounds in which there is experimental evidence for a 
idaiiar arrangement of groups are the 4-covalent compounds of Invalent 
IH^dium, platinum, and nickel. These same elements also possess an 
df^Httedna! configuration in their 6-covatent compounds. Comparison 



OFnCAL ISOMERISM 


439 


of the octahedral model, Fig. 1, with the planar arrangement of Fig. 2 
in which the metal (M) occupies the center of a square with the four 
groups at the corners shows that this may be regarded as a special case of 
elements with octahedral configuration in which the two b groups are 
missing. It is well known that compounds with 4-covalent groups at¬ 



tached to the metal may be converted to compounds with 6-covalent 
groups. 

Werner, as early as 1893, proposed a planar configuration for 4- 
covalent compounds of platinum and palladium which predicted cis 
and trana isomerides of the types shown in Figs. 3 and 4. Definite proof 


A X 

A X 

\ / 

\ / 

M 

M 

/ \ 


A X 

X A 

Fig. 3 

Fiq. 4 


of the planar configuration and existence of such isomers has been diffi¬ 
cult to obtain owing to the difficulties involved in determining the exact 
molecular structure and molecular weight. For example, a pink and a 
yellow form of (NHs) 2 PdCl 2 were known for a long time and the isomer¬ 
ism was explained on a cis-4rans basis. However, it was proved later that 
the yellow form is monomolecular, whereas the pink modification is 
bimolecular ” and has the structure [Pd(NH 3 ) 4 ] [PdCU]. Numerous 
other examples of supposed cis-trana isomers have been reported, some of 
which appear to be authentic. 

In 1922, it was noted™ that KzCPdCU], (NH4)a[PdCl4], and 

^ Drew, Pinkard, Preston, and Wardlaw, J. Chtm, Soc., 1805 (1032). 

" Diokiiwon, J. Am. Ckem. Soe., 4*. 2404 (1922); Lowiy, J^Soe. Chan. Ind., 48, 31fi 
(1023). 
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KafPtCLi] formed tetragonal cr 3 rst&ls, and x-ray anal 3 ^ia indicated that 
the metal was at the center of a square with the four chlorine atoms at 
the comers. From considerations of wave mechanics, Pauling in 1931 
deduced a probable planar distribution of the groups in 4-oovalent com¬ 
pounds of platinum, palladium, and nickel. The electronic formation 
of such planar compounds should result in a definite decrease of the 
paramagnetic moment, and for nickel this should become zero. 

Nickel. Confirmation of this prediction was obtained by Sug- 
den,** who isolated two cis-trans isomers of nickel 6is-benzylmethyl- 
glyoxime to which the planar stmctures shown in Figs. 5 and 6 were 


C,H»CHj—C- 


-C—CH, 

il II 

O-N N—OH 

\ ^ 

Ni 

/ \ 

O^N N—OH 


C,H,CHs—C- 


-C—CH, 


0<_N N—OH 

\ / 

Ni 

/ \ 

HO—N N-vO 


CeHtCHa—C- 


-C—CH, 


CH,—C- 


Fia. 5 


Fia. 6 


-C—CH,C,H, 


assigpied. These two forms were found to be diamagnetic, whereas a 
tetrahedral configuration about the 4-covalent nickel (a spiro-atom) 
should lead to paramagnetic optical enantiomorphs. 

PaUadium. Dwyer and Mellor “ also obtained two forms of palla¬ 
dium bt»-benzylmethylglyoxime, analogous to the above nickel isom- 
erides, and found that they were non-resolvable. Pinkard, Sharratt, 
and Wardlaw “ prepared the two isomerides shown in Figs. 7 and 8 
and showed that they were monomeric. 


CH,—NH, NHr-CH, CHr-NH, 0-CO 


\ 


\ / 

Pd 


' , Pd 

/ \ 


/ \ 


CO-0 0-CO CO-0 NHr-CH, 

Fiq. 7 I^a. 8 


Grinb^ and Schulman ** reported the isolation of two isomerides 


of eadi of the compounds (NH 3 )aF(lCl 2 and 




iPdClj. 


» Pauling, J. Am. Chm. Soe., W, 1M7 (1931). 

«*Sugdailt J. Chem. Soe., 24» (1932). 

** jywyW and Mdlor, J. Am. Chem. Soe., St. IfiSl (1934). 

Bialcanl. Shairatt, and Wardlaw, J. Chmn. See., 1012 (1934). 

and Schulman, Compt. rand. oaod. an., V 1, 213 (1993). 
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Lidstone and Mills “ have resolved the complex palladous salt shovm 
in Fig. 9 by means of d- and l-diacetyltartaric acids. This molecule 


Hs H* 

C«H8—CH—N N—CH2 

\ 

Pd 

/• \ 

C*Hs—CH—N N—C(CH3)* 

H, Ha 

Fig. 9 


++ 


21 - 


would possess a plane of symmetry if the palladium atom had a tetra¬ 
hedral arrangement of the coordinated groups but is asymmetric if the 
four valencies attached to the palladium atom are planar. It was shown 
that the stilbene diamine portion retained its mcso configuration in the 
complex salt and hence the resolution is due to the molecular dissym¬ 
metry of the complex. 

Platinum. Numerous examples of cia-trans isomers of 4-covalent 
platinum compounds have been described. Hantzsch “ obtained two 
forms of the compound shown in Fig. 10, and Schenck and Hengler 
obtained the quinoline analogs, Fig. 11. The two isomeric compounds 


(O), 


PtClj 



PtCl* 


Fig. 10 

Fig. 11 

of Figs. 12 and 13 were found to differ chemically and also in their x-ray 
diffraction patterns.®’ Two isomeric forms of the platino-glycine com- 

(CH,)jS Cl 

(CH,)iS Cl 

\ / 

\ / 

Pt 

Pt 

/■ \ 

/ \ 

(CH,),8 Cl 

Cl S(CH,), 

Fig. 12 

Fio.13 


Lidstone and Mills. J. Chem. Soc., 1764 (1030). 

** Hantsach, Ber., B9, 2761 (1026). 

M Schenck and Hengler, Areh. FieenAflftente., S, 200 (1031-1032). 

" *np»ll Drew, and Wardlaw, J. Chem. See., 340 (1030); Coa, Saenger, and Waidlaw 
ibid.. 182 (1034). 
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plex, ]F1g. 14, analogous to the palladium complex have been ob¬ 
tained.** 


CHr-NH, NH,—CH* 



Fia. 16 


A red and a black form of the trfs-pjTidino complex, Fig. 16, have 
been obtained by Morgan and Burstall.** This complex is very inter¬ 
esting because the construction of the model of this molecule shows 
that the three pyridine rings are in the same plane. It may also be noted 
from the model that chelation can occur without undue strain only if 
the double bonds in at least two of the pyridine rings occupy fixed posi¬ 
tions (i.e., do not oscillate or resonate between the two Kekul6 struc¬ 
tures). If either of the two forms obtained is monomolecular, it indi¬ 
cates a planar distribution of the valence forces about the platinum 
atom. 

An unique proof of a planar distribution of the valencies about 4- 
covalent platinum has been obtained recently by Mills and Quibell,*® 
who prepared Tneso-stilbenediamino-isobutylenediamino platinous salts 
with tbe structure shown in Fig. 16. 



++ 

2C1- 


** Oibxbwg and Ptitsoin, /. pnkt. Chem^ MS, 143 (1938); Pinkard, Sharratt, and 
Wardtaw, /. Chem. Soe., 1013 (Me*). 

«• ud Buntan, tbld. 14B8 (1934). 

a»d QuibeU, HMU, 839 (193S). 
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Examination of the model of this compound using a planar platinum 
atom reveals the fact that such a model does not possess a plane of sym¬ 
metry (Fig. 17), and hence should be resolvable. 



Fm. 17 


If, however, the platinum atom is tetrahedral (similar to the spiranes) 
then the molecule possesses a plane of symmetry, and the molecule 
should be non-resolvable. Examination of Fig. 18 shows that the plane 
PPPP divides the molecule into halves which are mirror images. 



Experimentally it was established that the molecule was resolvable 
into dr and Worms, [a] 546 i = ±48.5°. Cryoscopic examination of the 
salt showed that it resembled barium chloride in its behavior, and thus 
indicates the existence of only three ions. Decomposition by alkalies 
gave the optically inactive diamines and thus demonstrated that no inver¬ 
sion and resolution of the JTicso-diaminostilbene portion took place. The 
results constitute most unusual evidence in favor of a planar configura¬ 
tion for 4-oovalent platinum. It is true that an irregular tetrahedral 
arrangement or pyramidal arrangement would also |»ediot resolution of 
the molecule, but there is no evidence for such assumptrons. 




444 


OBOANIC C3HEMI8TRy 


PART XL cis-trans ISOMERISM (GEOMETRIC ISOMERISM) 

C. S. Mahvel 
Litrodoction 

A second type of stereoisomerism has been observed in organic mole¬ 
cules that contain two unsjrmmetrically substituted atoms attached to 
each other by a double union, in certain cyclic structures, and in a few 
terphenyl derivatives where ortho substitution introduces steric hin¬ 
drance at the points of union between the phenyl groups. This type of 
isomerism is usually explained on the basis of restricted rotation in the 
molecule in question, and all the observed cases can be correlated by 
means of this theory. 

In an open-ehain molecule, free rotation about a single covalent 
bond is assumed to be possible. The number of isomers of such com¬ 
pounds is generally in agreement with this hypothesis. However, if 
there are two points of attachment between adjacent atoms, as when a 
double covalent bond is present in a molecule, free rotation is apparently 
no longer possible. With proper substitution around the atoms which are 
doubly bound to each other, isomerism due to different geometric ar¬ 
rangements of the groups in space becomes possible. This type of isomer¬ 
ism is called cis-4rans or geometrical isomerism. 

cia-trans Isomerism in cyclic molecules can be attributed to restricted 
rotation due to the ring structure. The size of the ring and the nature 
of the substituents have an important effect on the freedom of rotation 
around the single bonds in the ring, and a complete discussion of these 
factors will be reserved imtil later. Recently cis-trans isomerism has 
been observed in certain p-terphenyl derivatives which are substituted 
in the positions ortho to the unions between the phenyl groups. In these 
compounds the theory of restricted rotation around the bonds between 
the phenyl groups serves to correlate these examples of cis4rans isomer- 
imi with the classes previously mentioned. 

The various types of cis-trans isomers may for convenience be classi¬ 
fied as follows: 

1. Compounds containing doable bonds. 

(a) Carbon to carbon; olefins. 

Q)) Carbon to nitrogen; oximes, hydrazones, oeazones, semi-iarbszones, 
etc. 

(c) Nitrogor to nitrogen; dia«> compounds, azo compounds, asoxy 
' eompounds, eto. 
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2. Cyclic compounds. 

(a) Carbocyclic. 

(b) Heterocyclic. 

(c) Condensed ring systems. 

3. Sterically hindered single bond compounds of the terphenyl type. 

This system of classification is used in the following discussion. 

Compounds Containing Double Bonds 

Since carbon and nitrogen atoms are known to have a tetrahedral 
structure, a double bond involving these atoms may be pictured (Fig. 1) 
by two tetrahedrons sharing one edge in common. Thus, the double 
bond should be a fairly rigid structure around which no rotation can 
occur. The single bond may be best illustrated by a diagram (Fig. 2) 
showing two tetrahedrons having one apex in common. Free rotation 
around this common point would be expected. 

In a molecule of the type first shown (Fig. 1), if each atom is attached 
to two different groups, a and 6, two space formulas for the molecules can 
be constructed (Figs. 3 and 4). In one of these formulas it may be seen 



Fio. 1 Fw. 2 Fiq. 3 Fio. 4 


that the two a groups are closer together than they are in the other (Rg. 
4). If a plane is passed through that edge of the tetrahedrons which is 
shared between them and continued in each direction so as to bisect the 
lines joining the a and h groups, the like groups are either on the same 
side of this plane, that is, in the cis positions (Fig. 3), or they fall on 
opposite sides of this plane and are in the trans positions (Fig. 4). The 
four groups (a a b b) fall in one plane; hence the mirror image of each 
form is identical with the object, and no optical isomers can exist in this 
series. 

It can also be seen that each of the atoms joined by the double union 
must be unsymmetrically substituted. When one of the atoms carries 
two o groups, and is thus symmetrical (Figs. 5 and 6), the two molecules 
are superimposable, and hence do not represent isomers. Only one pair 
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of ison^rs is still possible where all attached groups are different (Figs. 
7 and 8). 



Fra. 5 Fio. 6 Fia. 7 Fra. 8 


Carbon-Carbon Double Bonds 

For convenience, instead of using tetrahedrons, the structural rela¬ 
tionship of the isomers is usually represented by the condensed formulas 
^own in Figs. 1-4, below, but the fundamental space structures must 
always be kept in, mind. 



CM 

Fio. 1 


a—C—b 

b — i!j—<1 

troM 

Fra. 2 


a—C —h 

II 

c — C—d 
Fig. 3 


G—C —b 

II 

d —C—c 
Fio. 4 


In compounds of the type shown by Figs. 1 and 2, the one with two 
wmilar groups on the same side of the double bond is called the cis 
isomer (Kg. 1), and the other (Fig. 2) the trans isomer. For the com¬ 
pounds ^own in Figs. 3 and 4, where all the groups are different, it is 
necessary to specify which groups are ds or trans, respectively. In the 
event that the configuration has not been established, the forms are 
usually denoted by the Greek letters a and 
' In the alkene series the isomeric 2-butenes have been separated by 
high-inocision fractionation of the product resulting from dehydration 
of sec.-butyl alcohol by sulfuric acid.^ 

Hxat or Htobogskatiok 
B.P.* M.P. cal,/mole 

CM-2.Butene 8.63* -18».3* -28,670 

trana-2-ButoM 0.96 —105.8 —27,621 

The two groups attached to each of the doubly bound carbon atoms 
may be parts an unsymn^trical ling. Moir' isolated a»4ninc isomers 
dl this type in the diphenoquinone series. 

*Sls6»l*mky, Ruhoff, Smitll, and J. Am. Chetn. Soe., ST, 876 (1935). 

■iMBhMtul Viapvi, ibid., SI. 8U (1940). 

A African J. ad., 9 , S5S (1911), 
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H H H CH? 

Determination of Configuration. There is no absolute method for 
the determination of the configuration of cis-lrans isomers of the olefinic 
type which can be experimentally applied to all cases. Many cig 
isomers can be directly related to cyclic compounds by either ring closure 
or ring opening, and this is at present the best available means of defi¬ 
nitely establishing configuration. All other methods depend on a study of 
the physical properties of the isomers, and these methods require that 
many pairs of compounds of known configuration be studied as example 
for comparison. 

RekUionship to Cyclic Compounds. The formation of a cyclic mole¬ 
cule from an open-chain molecule takes place easily only when the re¬ 
acting groups are close to each other. This fact has been most useful 
in assigning structures to cis-lrans isomers in which the two doubly bound 
carbons carry groups which are capable of reacting with each other. 

The classical example of establishing the configuration of olefins on 
this basis is that of maleic and fumaric acids. Maleic acid (Fig. 5) 
readily forms a cyclic anhydride (Fig. 6), whereas fumaric acid (Fig. 7) 

H—C—CO*H H—C—€0 

I — II > 

H—C—CO,H H—C—CO 

Fig. 5 Fio. 6 

does not pve an anhydride under mild conditions, and at hi|^ temper¬ 
atures it undergoes a rearrangement to produce the anhydride of maleic 
acid. Maleic acid is, therefore, the cis isomer.* 

* van’t Hoff, Brief on Buj»-BnUot, Utrecht (November, 1S78). 


H—C—CO»H 
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Likewise, in the ease of the o-hydroxycumamic acids, one is converted 
spontaneously into coumaiin (Fig. 9), and is, therefore, the cis form 
(Fig. 8), whereas the other does not form a lactone readily, and conse- 
qu^tly is assigned the trans configuration (Fig. 10).' 




rT C—OH 

h/ 


\ 


OH 


Fra. 8 


Fia. 9 


Fiq. 10 


This conversion to a cyclic compound must occur under very care¬ 
fully regulated conditions if it is to be considered a safe procedure for 
structural proof. Many reagents cause one isomer to change into the 
other, and with such reagents, compounds of the irons type may also 
yield cyclic compounds. 

It is often possible to prepare the m isomer from a cyclic compound 
by the opening of the ring. Thus, the oxidation of p-benzoquinone 
(Fig. 11) or of benzene (Fig. 13) leads to maleic acid (Fig. 12), and not 
fumaric acid.* 

0 

H—C—COsII 

Oxidation 11 Oxidxtion 
-> <- 

H—C—COaH 

0 

Fra. 11 Fio. 12 

If the configurations of a pair of cis-trans isomers have been thus es¬ 
tablished, it is often possible to convert other isomers of unknown con¬ 
figuration into those with known structures. For example, trichloro- 
mitonic acid (Pig. 15) is converted by hydrolysis into fumaric acid 
(Fig. 14) and by reduction into the solid crotonic acid (Fig. 16) (m. p. 

H—C—COxH H—C—CC1| H—C—CH| 

„ 11 *- il - li 

HOjC—C—H HOjC—C—H HOjC—C—H 

Fra. 14 Fra. 16 Fra. 16 

Ebert, Ann., US, 347 (1884); Widiaemia "Ratualiobe Antndaung#" p. 
mt aw and Kinkelia, Ber„ tt, 1708 (1880). 

• iUHi, Anit., 888,170 imm. 




Fra. 13 
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72°).'' Since fumaric acid is known to have a trans configuration, these 
relationsiups prove that the trichlorocrotonic acid and the solid crotonic 
acid must be trans isomers. Hence, the liquid form of crotonic acid 
(m. p. 15°) must be the ds isomer. 

The configurations of the cinnamic acids have, likewise, been estab¬ 
lished by the following transformations: 



/C H 


n/ 

H 

Fia. 17 


I 

C=0 






Fia. 18 


/ 

HO 

Fia. 19 


C==0 


One of the o-aminocinnamic acids readily forms carbostyril (Fig. 17), 
and hence possesses the ds configuration (Fig. 18). Diazotization and 
removal of the amino group from this o-aminocinnamic acid leads to ds- 
cinnamic acid (Fig. 19).* 

The establishment of a relationship between a cyclic compound and a 
ds isomer, and the transformation of one of a pair of ds-trans isomers into 
another compound of known configuration, are the only chemical 
methods of establishing the configuration of isomers in this series. In 
using these methods for structural work, it is essential to keep in mind 
that many reagents convert a cfs to a trans isomer or the reverse (see 
section on interconversion of isomers, p. 453), and hence false relation¬ 
ships may be deduced from superficial experimental work. 

Determination of Structure by Study of Physical Properties. A study 
of various ds-trans isomers whose configurations have been established 
by relating them to cyclic products has shown that there is a surprimng 
regularity in the differences in physical properties between the ds 
forms and the trans forms. The ds form usually has the lower melting - 
point, the greater solubility in inert solvents, the higher heat of combus¬ 
tion, and, of acids, the higher ionization constant. In Table I are liste^il 
the physical properties of a series of isomeric acids showing some of 
differences. 

Werner pointed out that there is a significant resemblance between 
the structural formulas of ds and trans isomers in the olefin smes, and 
ortho and para isomers in the benzene series.* The unsymmetrical ds 

I Wn Autrars md Wwabadi, Btr., SS, 715 (192®). 

* Stoermer «&d BeyskBiui, Ber., U, 8099 (1912). 

» Wwiier, “Lehrbuoh der Stwreochemie," Ilzeher, Jm* (l«0i), p. *12, 



4S0 


OSO/lNIG chemistry 


TABLE I 

Sous Phtsicaj:. Psofbbtieb of et«-(ran« Iboubbs 


Acid 

M.P.,“C. 

Solubility in ^ 
Water at 25®, 
grams per j 
100 cc. HgO j 


Heat of 
Combustion,'^ 
kcal./mole 

Maleic. 

130.0 

78.8 

117 X 10“* 

328.0 

Fumaric. 

286. 

0.7 

0.3 X Hr* 

320. 

CM-Crotonk. 

16.6 

40.0 

3.6 X 10“‘ 

488. 

lran<-Crotonie. 

72. 

8 3 

2 X 10-‘ 

478. 

ew-CSnnamic. 

68. 

14.43 

13 8 X 10-* 

1047. 

fraw-CinnaTnie. 

133. 

0.1 

3.6 X 10-® 

1 1040. 

Citraoonic. 

01. 


34 X 10"* 

479.1 

Mesaconic. 

202. 


7.9 X 10"* 

466 4 

An^1i<). 

45. 


4.9 X 10"* 

634.8 

Tkdio.. 

64. 


9.4 X 10"* 

627.4 







and ortho isomers are nearly always lower melting than the corre¬ 
sponding brans and para isomers. This may be illustrated by comparing 
oa-GTotonic acid (Fig. 20), or</K>-toluic acid (Fig. 21), irarw-crotonic 
acid (Fig. 22), and poro-toluic acid (Fig. 23). Maleic and fumaric acids 
show wimilar relationships to ortho- and paro-phthalic acids. 

H—C—CH, H—CH, CHi—C—H H 

M.p. 16S» M.p. 104* M.p. 72» M.p. 180® 

FiQ. 20 Fra. 21 Fia. 22 Fra. 23 

The disBodation constants of the acids in the cis and ortho series are 
fikewise higher than those in the brans and para series.’^ 

This comparison of the physical properties of olefins and aronoatic 
derivatives has furnished a method for the determination of configura¬ 
tion where all four groups on the carbon atoms joined by the double 
bond are different. For example, von Auwers compared the chloro- 
<arotonic esters (Figs. 24 and 25) wi^ the chlorotoluio esters (Figs. 26 

MOstinOd, Z. jAwO;. Oum,, », 242, 278. 380 (1880); B«t^ 84 . 1106 (1801); Biidw, 
Z,pblink. Chem., 6,315 (1890); WaMea. ibid., 8, 406 (1801); Kortrisbt, Am. Cham. J., 18, 
,109(1806). 

< n StobmMui. Z. phiwil. Chem., 10. 416 (1883); Lons u i ni n e , Ann. M SS, ISO 

Beth, Bar., 44, 260. SIT (101®. 

4* Z. Jdtufih. Chm,, us. 40 <1^. 
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and 27) and assigned configurations to the olefinic compounds on this 
basis.** 


Cl—C—COjCjHs 


Cl—C—COjCjHi 


H—C—CH, 

B.p. 58V12 mm. 
Fia. 24 


CHr-C—H 

B.p. 61V10 mm. 
Fig. 25 


Cl—COsCjH* 

H-k^—CHa 
B.p. 122710 mm. 

Fig. 26 


Cl-Y*^—COaCjH, 
CHj——H 

B.p. 120.5V0 mm. 

Fig. 27 


The assignment of configuration by means of this method of compari¬ 
son of the physical properties of the isomers with those of the correspond¬ 
ing benzene derivatives must always be tentative because it is known 
that the relationship between the physical properties in the two series is 
not absolutely general.** 

lyipole Moments (p. 1752). Recent work on dipole moments has 
introduced a new physical constant which is useful in assigning definite 
configuration to relatively simple olefins.** From a consideration of 
the structural formula, the unsymmetrical cis form would be expected 
to have a considerable moment, whereas the more symmetrical irans 
form should have a lower moment. In the halogenated olefins listed 
in Table II, it may be seen that the dipole-moment measurements give 
results which are in agreement with the configurations which have been 
assigned on the basis of the melting points of the isomers. 

TABLE II 


PHYSICAli FrOFERTIBS OF DlHAlOOENATED EtHTUIINBB ** 



M. P. 

/I X 10** 


'C. 

63.0. 

cis-Dichloroethylene 

-80,6 

1.80 

Irons-Dichlopoethylene 

-50. 

0. 

eis-Dibroinoethylene 

-63. 

1.22 

trana-Dibromoethylene 

- 6.6 

0. 

CM-Diiodoethylene 

-13.8 

0.76 

trana-Diiodoethylene 

72. 

0. 


This method is limited to quite simple moleouks of the type 

*• von Auwers and Harrea, ibid., 143, 1 (1920). 

von Auwera and Harrea, ^'d., 148, 9 (1929). 

“Eirem, Compt. rend., IM, 1623 (1926); Aood. Toy. Belg., IBO (1906); J. Phyt., 4, 
890 (1926); Physik. Z., 17, 764 (1926). 
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Ca6»=*Ca5. "Where the groups a and ft are complex, the dipole moment 
of the group may largely overshadow the effect due to the ds or tram 
configuration of the molecule. However, in the case of diethyl maleate 
(/I = 2.64 X e.s.u.) and diethyl fumarate {n = 2.38 X 10~*® 

e.s.u.) the cis form has the greater dipole moment.** For olefins of 
the type Ca6==Cde or Ccit=Cad, the dipole moments are not so 
useful in the assignment of configuration. 

X-Ray Measuremenia (p. 1762). Debye has examined the x-ray 
diffraction patterns of the two dichloroethylenes.*’ In the lower- 
melting isomer, which has been generally assigned the cis configuration, 
the distance between the chlorine atoms is 3.6 A. In the higher-melting 
fytms isomer this distance is 4.1 A. Thus, x-ray measurements also con¬ 
firm the configurations which were assigned on the basis of the other 
physical properties. 

Other Physical Constants (p. 1720). The density,** molecular refrac¬ 
tion,** molecular dispersion,** absorption spectra,*® Raman spectra,** 
parachor,** and other constants for eia-lrans isomers have been studied, 
and Bometimes they aid in assigning definite configurations to the 
isomers. However, these measurements are less useful than the ones 
vdiidi have been discussed above. 

Kinetic Studies. Recently studies on the rates of reactions involving 
cis and trans isomers have been used to establish configuration. Wright ** 
found that cis-methyl cinnamate was mercurated about three times as 
fast as the trans form, and that cta-stilbene was mercurated readily while 
the Irons isomer was not. Using these facts for comparison, Thomas and 
Wetmore ** mercurated the isomeric 2-butenes and on the basis of reac¬ 
tion rates assigned the trans configuration to the isomer which melts at 
-108.8*’. 

** Smyth and Walla, J. Am. Chem. Soc., #8, 627 (1931). 

“Dehyo. PhysUc. Z.. 81, 142 (1930). 

** von Anireis and Hairoa, Z. phynk. Chem., 143, 1 (1929), Waasermann, Ber., fiS, 
659 (1980). 

“ vcm Auwera and co-workera, Ber., 64, 624 (1921); 66, 724 (1923); 67, 437,446 (1924); 
Ann., 43a, 46, 94 (1023); Chavaane, Bev. gin. act., 86, 333 (1924); Bruylanta, Bull. aoe. 
ehim. Belg., 88, 672 (1930). 

” Errera and Henri, CompU rend., 181, 648 (1926); Eirera, J. Phye. Radium, (VI) 7, 
216 (1926); Brojdanta and (^aatille, Acad. ray. Belg., 8, 130 (1926); IS, 767 (1927); 
Brujdante, Bull. toe. ekim. Belg., 89 , 672 (1930); Ramart-iucaa and Hocb, Compt. rend., 
Sm, 696 (1029); Ann. diim., [ 10 ] 18. 3S6 (1930); Stobbe, Ber., 48 , 504 (1910); Baly and 
Tuek, J. Chem. Soc., 88, 1902 (1908) ; Baly aad Schaefer, Ond., 88,1812 (1008). 

®Piaia, Ann. chim., {11) 4 , 187 (1936). 

** Semevia and Ribntti-Ijaaone, 6aat. (him. ital., 80, 862 (1930) ; Suaden aad Whit- 
telHSV. /. Chem. Soc., 127, 1868 (1926). 

,,, * Wriftfit, J. Am. Chem. See., 87.1998 (1986). 

’ and Wetmore, OM.. 68. 136 (1941). 
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fneso-Dibromobutane and Tueso-dibromosuccimc acid react with 
iodide ion faster than the corresponding df-isomera.®* 

The reaction involved is 

RCHBrCHBrR + 31- -» RCH==CHR + I 3 -+ 2 Br- 

Young ®* studied the rates of reaction of a large number of isomeric ethyl¬ 
ene dibromides with potassium iodide and found that the tneso-dibro- 
mides (from the tram compounds) reacted more rapidly than the corre¬ 
sponding dJ-dibromides (from the da compounds). Rate studies of this 
type may be used as a means of identifying ds-trana isomers. 

Interconversioa of ds-trans Isomers. Usually, one of the isomers 
of a da-tram pair is a labile form and can be readily changed into the 
more stable isomer by the action of heat or a variety of chemical agents. 
For example, heat converts maleic acid into fumaric acid;®’ methyl 
CTS-o-bromocinnamate (Fig. 28) into methyl trans-o-bromocixmamate 

H—C—CsHs Heat H 

II -^ II 

Br—C—COsCH, Br—C—COjCH, 

li^o. 28 Fig. 29 


(Fig. 29); and angelic acid (Fig. 30) into tiglic acid *• (Fig. 31). In most 
of the isomei-s that have bet'n examined, the da form is the labile and the 
tram form the stable one. This agrees with the usual difference in energy 


H—C—CHa 

II 

CHr-C—CO2H 
Fig. 30 


Heat CHg—C—H 

-> II 

CHj—C—COsH 
Fig. 31 


content shown by the heat of combustion data for the isomers in this 
series. (See Table I.) 

If the stability of the two isomers is about equal, mixtures of the as 
and tram forms are produced when either compound is treated with 
agents which cause inversion. Thus, heating the da compound (Fig. 32) 
causes only partial conversion to the tram compound (Fig. 33), and 

— C —Br C Br 

II II 

C«HsCO—C— Br Bi— C—COCeHi 

Fig. 32 Fio. 33 


“ Van Duin, Bee. Iran, chim., 43,341 (1924); 46, 346 (1026); Dfllcoi, Toung, and liUcaa 
J. Am. Chem. Soc., 63, 1963 (1930). 

M Young, Preflaman, and CoryoU, J . Am. Vhsm. See.. 41, 1640 (193^. 

»»Tanatar, Ann., 878, 82 (1893): HOjendaM, J. Phvs. Chem.. 34, 7fl8 (1924). 

•• Anaohftta, Ber., 80, 1383 (1887). 

•* iffiaiae, Ann. chim. phya., [8] 11, 111 (1907). 
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heaiaz% the irms compound with iodine also gives a mixture of the two 
isomers.*® 

Hie effect of exposure to sunlight often parallels the action of heat, 
but ultra-violet light, by the addition of energy to the stable form, trans¬ 
forms it into the labile modification. Thus, exposure of fumario acid to 
ultiarviolet light converts it into maleic acid.** This general proce¬ 
dure is often the best method for obtaining the labile form, once the prod¬ 
uct of a chemical reaction is usually the stable modification. 

Small amounts of various chemical agents also promote the inter¬ 
conversion of isomers. It is probable that only substances which can 
add to the double linkage can effect the transformation. The halogens 
and halogen acids are the most widely used reagents. Traces of iodine 
and sunlight are catalysts for the conversion of maleic ester into fumaiic 
ester ** and cis-cinnamic acid into Irana-cinnamic acid.** Boiling with 
aqueous solutions of any of the halogen acids converts maleic into 
fumario acid,** citraconic acid into mesaconic acid,*® and cis-a-methyl- 
glutaconic add into traTis-of-methylglutaconic acid.** Nitric and nitrous 
acids can also be used; the latter converts erucic acid (Fig. 34) into 
brassidic add •’ (Fig. 35), and oleic add (Fig. 36) into elaidic acid ** 
(Rg. 37). Phosphorus pentachloride converts maleic acid into fiunaryl 
chloride, idiich, on hydrolysis, yields fumaric acid.** 


H—C—(CHOrCH, 

H—^(CHs)„CO,H 
Fia. 34 

H—C—(CH,)7—CH, 

il 

H—C—(CHj)r—CO,H 
Fio. 36 


CH»(CH*)t—C—H 

II 

H—C—(CHalxiCOiH 
Fio. 35 

CH,(CH,)t—C—H 

II 

H—C—(CH,)7COsH 
Fio. 37 


Skraup made the interesting observation that neither sulfur dioxide 
nor hydrogen sulfide alone was able to cause the transformation of maleic 
add into fumaric acid, but, when aqueous solutions of the two were added 

* Dufraiae, Campt. rend., lU, 1691 (1914). 

•* 8toena«T, Ber., 4B, 4865 (1909); Wwbur*. Ber. Bert. Akad., 960 (1919). 

"Aiuchllte, Ber., 1*. 2282 (1879). 

** Bertbottd and B^nmeok, J. eUm. 94 , 213 (1927); Bertboud and Uieoh, ibid. 

*7.291 (1930). 

** Stewip, MonatA., 1*. 118 (1891). 

JI*Kdnil8. Ann., Spl., S, 94 (1863). 

•Fotat imd Poimn«, Ann„ »», 67 (190(^1. 

•*IUnkni, /. prakt. Chttn^ Ot. 893 (1931). 

«“Analya der Fette ntnH WadMe," Sprinaw, Barlin (1925), Vd. I, p. 289. 

' ' dyWUa, Ber., 14, 2548 (1881), 
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to maleio acid, converaioii to the trans iaomer did occur.*® The con¬ 
version appears to be due to the presence of finely divided sulfur, since 
the addition of acid to a solution of maleic acid containing sodium 
thiosulfate also causes the formation of fumaric acid.*^ 

Various theories have been advanced to account for this catalytic 
effect of halogens, halogen acids, etc., in the conversion of da to trana 
isomers. Usually the explanation has involved addition of the catalyst 
to the double bond and subsequent removal of the catalyst to regenerate 
the double bond. The most serious objection to any such theory is 
that, in general, the products of addition of these catal 5 rtic agents to an 
olefin are stable and should not be decomposed under the conditions 
which produce the^ transformation of one isomer to the other. 

Olson ** has pointed out that the conversion of cis-dibromoethylene 
to frons-dibromoethylene by the catalytic action of bromine and heat is 
very closely related to the Walden inversion which has so often been 
observed in optically active molecules in reactions which involve groups 
attached to an asymmetric carbon atom. According to Olson’s views, 
the conversion of a’s-dibromoethylene (Fig. 38) to irans-dibromoethylene 



(Fig. 40) would alter the configuration of one of the atoms carrying tJie 
double bond. This change is brought about by a bromide ion colliding 
with one of the carbon atoms held by the double bond at a point on die 
face of the tetrahedron opposite the apex occupied by the bromine atom 
(Fig. 39). This particular position on the face of the tetrahedron 
opposite the apex occupied by the bromine atom is the eaaest point ot 
approach for the entering bromide ion because the sphere of influence of 
the carbon-bromine bond in the olefin molecule extends backward to this 
j)oint. When the bromide ion strikes this face of the tetrahedron, the 
bromine atom originally attached to the apex opponte the point of col¬ 
lision can move away from its point of attachment, and the tetrahedron 
will re-form with the new bromine atom on the opposite side of the mole' 

"Skraup, Motiaiak., U, 108 (1891). 

FreimdUoh and Scbikiorr, KoUoidekm. Btihafit St, 1 (IBSOb 
**01*on, J. Chem. Phyt., 1, 418 (1933). 
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cuIb. Naturally, this change may go in either direction, but the tend- 
OTicy will be to produce, in the end, the more stable or trams isomer. 

This theory of Olson is very attractive for the inversion discussed, 
where the catalyst is made up of particles which are like those attached 
to one carbon atom concerned in the interconversion, but it does not 
cover those where the reagent which causes inversion is entirely different 
from the groups in the olefin. A more general theory must be sought to 
account for th^ interconversions. 

At the present time the best general mechanism ** which can be ad¬ 
vanced to account for the interconversion of isomers is one which in¬ 
volves a polarization of the double bond, such as Carothers has postu¬ 
lated as taking place in the preliminary stage of an addition reaction 
involving a double bond.** 

a:C::C:a ^ o:C:C:o 
b b 'b b 

Fig. 41 Fia. 42 

This unbalanced molecule (Fig. 42) is probably produced by a col¬ 
lision between one of the catalyst molecules (Fig. 43) and the olefin, 
resulting in a transitory double molecule (Fig. 44). Then the bombarding 
catalyst molecule drops away from the carbon atom, and the polarized 
double bond (Fig. 45) comes into existence for a short time. In this 
molecule the carbon atom which is deficient in electrons is unbalanced, 



and the vilnation of the positive nucleus will be of such a nature as to 
make the atom essentially planar. When the tetrahedral nature of this 
carbon atom is lost, there is just as much chance for the double union to 
form and produce the irons isomer (Fig. 46) as there is for it to produce 
tbe original cis isomer. Moreover, since the irons isomer is fundament 

** BerUioud and Urenh, /. «Atm. tJ, 291 (1930). 

** Gaiottien, J. Am. Chmn, Soe.. 4S, 222S (192^. 
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tally the more stable, the molecules which are formed with this ccmfigura- 
tion will eventually be the only ones in the reaction mixture. 

The rates of thermal isomerization of several cis-trana isomers in the 
gas phase were studied by Kistiakowsky “ and by Jones.** The isomeri¬ 
zation was found to be homogeneous and of the first order over a range 
of 566-608“ K. in the case of <ran«-dichloroethylene. The mechanism 
proposed for such reactions was activation of the carbon-carbon double 
bond to form a single bond with two free valences, free rotation, inversion 
at one carbon atom, and again formation of a double bond. 

A new and interesting example of ds-trans isomerism is furnished by 
the stilbenediols of which 2,2',4,4',6,6-hexainethylstilbenediol is an 
example.*’ Catalytic hydrogenation of mesitil (Fig. 47) produced either 
the cis or trans form, depending on how long the treatment was con¬ 
tinued. The cis or low-melting isomer (Fig. 48) was always formed first 
and slowly isomerized to the trans isomer (Fig. 49) under the influence of 


CHaO 0 CHa CHa 



CH, 



hydrogen and platinum. The pure cis form was converted to the trans 
form merely by shaking it with platinum catalyst, which represents an 
interesting catalytic conversion of a cis to a trans isomer. 

** Kistiakowsky and Nelles, ibid., 64, 2208 (1932); Kis t iakowsky and Smith, ibid. 
66, 638 (1934); 67, 269 (1935); 68, 766, 2428 (1936). 

« Jones and Taylor, »Md., 6S, 3480 (1940). 

at Fuson, Soott, Homing, and MoKeever, Aut, 68, 2091 (1940). 
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Lutz ** has made a systematic study of the effect of substitution on 
the stability of the geometric forms of /8-aroylacrylic acids. The forma¬ 
tion and reactions of lactones and lactamols in the cis acids and amides 
have also been investigated. Lutz found that a methyl group on the 3- 
carbon atom of the acrylic acid stabilized the cts form better than a 
methyl group on the 2-carbon atom and that methyl groups on both the 
2- and 3-positions made the ds form very stable. 

The compound made by esterification with methyl iodide of the 
silver salt of the acid obtained by the action of benzene on maleic an¬ 
hydride was identical with the compound made by the action of ben¬ 
zene on the monomethyl ester acid chloride of fumaric acid. Inversion 
had taken place in the case of the maleic anhydride to give the trans 
acrylic ester, Fig 50, indicating it to be the stable form. 


HC—CO 




Aldi 


CJIsCQ—CH 


HC—CO 


HC—coja 


Silver salt 
|CH.I 


CICO—CH CeH, CaHsCO—CH 

hLcO»CH, HC—COjCH, 

Fig. 60 


Isomerizations of 3-(p-bromobenzoyl)-2-methylacrylic acid (Fig. 61) 
and 3-benzoyl-2,3-dimethylacrylic acid (Fig. 52) are summarized in the 
following charts; 


CICOCH 

chJcoci 


C«BtBr 
AlCU ' 


BrC,H,COCH 


BrCeHaCOCH 

-> 


CHjCCOjH (OH-) 


A 


Fig. 51 


Bunlicht 

EtJiar 


CHjCCOiiCH, 

traiu form 


CHCU 

+ 

Is 


(OH-) 

yCHiOH 


Sunluht 

CsH^ 


CHCla 

+ 

It 


HCCOCsHsEr cHaN, HCCOC,H«Br 

1 ! -> 11 

CHjCCOjH CHsCCO*CH» 

ciM lorn fom 

; V and oOm. Md., M, 3*28 (1990): H. 1108, 1685, 1608 (1038); M. 446, 1378 

/• Orfr Chtm., 4, 05 (1030) i t. 77.01.176 (1041). 
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CH,C—CO 

II >° 

CH,C—CO 


AlCI. 

CeH, 


/OH 


CH,C—C—CsHs 

1 > 

CH,C—CO 

|cHjNj 

CH,C—COC6H6 

II 

CH,C—CO^CHa 

eia form 


CHaC—COCaHs roh 
or II ^ 


CHaC—COCl 

II 

CHaOaCC—CH» 


AlCIi 

C,H, 


CH,C—COCsHi 


CHaC—COiH CHsOjCC—CH, 


Fia. 62 


form 


Chemical Behavior of cis-trans Isomers. It has already been 
mentioned that cis isomers can often be converted to ring compounds 
more readily than can the irans isomers. There are other reactions in 
which the isomers show distinct differences in their behavior. 

Sunlight will cause the two cinnamic acids to dimerize, giving cyclo¬ 
butane derivatives. trans-Cinnamic acid (Fig. 53) gives truxillic acids 


CflHe 
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1 

=C 
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H 

j 

COjH 

CeHtCH— 
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— ► 
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1 

CeHft 

1 

H 

1 

HOiCCH— 

—CHCeHa 

1 

c== 

1 

=C 



H 

1 

CO,H 



Fw. 63 


Fig. 84 


(Fig. 54), whereas cis-cinnamic acid (Fig. 55) gives truxinic adds 
(Fig. 56).« 

« Stoermer and oo-workera, Ann., 843, 1 (1905); Ber., tt, 4866 (1909); 44, 639 (1911); 
46, 8099 (1912); 46. 1249 (1913); 47, 1786 (1914); 66. 1030 (1922); Stobbe, Ber., 68, 2416, 
2869 (1926); Shemyaldn, Compt. rend. acad. eci. VJiJS.S., 39, 199 (1940). 
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C,H, 

1 

COiH 
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H CeHsCH— 

— CHC«H5 


1 
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COaH HOaCCH— 
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—CHCOsH 

c=— 
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1 

=0 
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1 
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1 
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Fio. 55 

Fio. 66 


Relatiooship of Olefias to Acetylenes. Wislicenus pointed out 
that the addition of groups to an acetylene (Fig. 57) should theoretically 
produce a cis isomer of the olefin type (Fig. 58). 


H 

1 


1 

C 

H—C 

<0> + XY ^ 


c 

I 

H—C 

1 

H 


Fio. 57 

Fio. 


In actual practice this theory has been found not to be valid. Michael 
showed that addition of bromine to acetylenedicarboxylic acid (Fig. 59) 
produced mainly dibromofumaric acid (Fig. 60), and halogen acids 
gave halofumaric acids (Fig. 61) rather than maleic acid derivatives.® 


COjH 

1 

C 

III 

c 


+ Br* 


Bi—C—COjH 

II 

HOsC—C—Br 


CO,H 
Fio. 




wrr Fio. 60 

X—C—CO,H 


EOiC—C—H 
Fio. 61 


^ Wiriioei^ AbharuU. bOOu. 0»b. Wiu^ lA, I (1887) [CItem. Zena-., 1006 (1%7)1 
» MkbMi, J. praM. Chem., 4A, 210 (1892). 

Und^ SB, 321 (189S}. 
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Catalytic reduction of acetylene derivatives sometimes yields cis and 
sometimes trans olefins, depending on the catalyst and the conditions of 
reduction. These results show that addition to the triple bond must in¬ 
volve configurational changes during addition, or inversion of olefin 
isomers by the catalytic effect of the adding group. The conditions 
which favor inversion are encountered in the conditions which favor 
addition of a reagent to an acetylene molecule. 

It is easier to remove halogen acid from a trans olefinic derivative 
than from the cis isomer. Thus, halogen acid is removed from chloro- 
fumaric acid (Fig. 62) about forty-eight times more rapidly than it is 
from chloromaleic acid “ (Fig. 63). 


Cl—C—COjH 

II 

HO 2 C—C—H 


Fig. 62 


CO-H 

I 

KOH 9 KOH 

-> < -- 

Hapid ^ Slow 

reaction ^ reaction 

I 

CO2H 


Cl—C—CO 2 H 

II 

H—C—CO 2 H 


Fra. 63 


In the cases studied, the elimination of groups from trans positions 
takes place more readily than elimination of the same groups from 
the cis positions. 

Relationship of cis-trans Isomers to Saturated Derivatives. The 

addition of hydroxyl groups to the double bonds in maleic and fumaric 
acids leads to the formation of tartaric acid derivatives. It is of interest 
that careful oxidation of maleic acid (Fig. 64) yields me«o-tartaric acid ^ 
(Fig. 65), 

CO2H 

i 

H—C—COjH H—< 3 —OH 

II I 

H—C—CO2H H—C—OH 

I 

CO,H 

Fra. 64 Fia. 65 

while under the same conditions fumaric acid (Fig. 66) yields df-tartaric 
acid“ (Fig. 67). 

In this oxidation it is obvious that the hydroxyl groups enter the 

••Michael, Und., U, 308 (1895). 

** Kekui6 flud Ansch&ts, 14, 713 (1^1). 

“ Kekuie and Anachtito, Bar., 18, 2160 (1880). 
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molecule at the same poeitions on the carbon tetrahedrons which were 
previously united in the double union, and cis addition has occurred. 


H—C—COiH 

II 

HO,C—C—H 

Fiq. 68 


Da. 

EMaOt^ 


COjH COsH 

I I 

HO—C—H H—C—OH 

I + I 

H—C—OH HO—C—H 

I 1 

COjH CO,H 

Fig. 67 


cts Addition, however, is not the general behavior, for bromine adds 
to maleic acid to give the racemic dibromosuccinic acid, whereas fumaric 
acid and bromine give the meso-dibromosuccinic acid.®* The mech¬ 
anism of the addition of bromine to the double union must be somewhat 
different from that of the addition of hydroxyl groups by the action of 
potassium permanganate. 

Braun has shown that the nature of the reagent and the experi¬ 
mental conditions used have important effects in determining whether 
cis or trans addition occurs when the crotonic acids are oxidized. The 
following chart summarizes his results; 


H-C—CO,H 
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H—C—CO,H 
H—i—CH, 

alt-Crotoalc 
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GH, 
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dJ'Eirtbnvd^di- 

bydrotybnWdc Add 
ll.p. 81* 


The Dkls-Alder RMCtion. The steric selectivity of the diene 
synthesis has been studied by Alder and Stein.®* There are two possible 
WAJB in wMch the diene can add to the activated double bond: 

^Tefiy *»d Eiohelberger, J. Am. Chvm. Soe., 47, 1067 (1026). 
iM., 51, 228 (1920). 

Aidw lUllcl Stein, Anteto. Chem^ 50, 610 (1937). 



ciMrant ISOMERISM 


463 



eis addition tran« addition 


An example is the reaction of 1,3-butadiene with maleic acid: 


CH—CH 
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•CH 
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\? 

c—c 


CH, 


HO 2 C H 
Fig. 69 


The da acid (Fig. 68) i.-i Isolated from the reaction mixture. Proof of this 
is the fact that hydrogenation of the product gives the cfs-hexahydro- 
phthalic acid (Fig. 70). The da acid does not come from rearrangement 

O igi 

HO 2 C CO 2 H H02C 

Fig. 70 Fio. 71 


of the trans acid during hydrogenation because if the compound repre¬ 
sented by Fig. 68 is rearranged to that represented by Fig. 69 and then 
hydrogenated, the Irans-hexahydrophthalic acid (Fig. 71) is produced. 

Another example of da addition is the reaction of 1,3-butadiene with 
1,4-benzoquinone: 



FiG. 72 Fio. 73 


The product isolated is that represented by Fig. 72, shown by the fact 
that hydrogenation followed by mild oxidation produces the cts-hexa- 
hydrophthalic acid (Fig. 70). Numerous studies have shown that pure 
CM addition always occurs in the diene synthesis. 
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Another type of isomerism possible in diene syntheses is the ezo- 
endo type. This is illustrated by the reaction product of cyclopenta- 
diene and maleic anhydride. Actually, the endo form is produced in 
the reaction. 



cis-trans Isomers in Polyolefins. When more than one unsym- 
metrically substituted double bond is present in a molecule, the num¬ 
ber of da-trans isomers can be readily determined by writing out 
the possible structures. If the groups attached to the doubly bound 
carbon atoms are such as to make all olefin units unlike, the number of 
isomers possible is 2", where n is the number of olefin linkages. Thus, 
the compound ahC=CR—CIl=Coi can exist in four cis-trans forms 
(Figs. 74-77). However, where the substitution around the olefin 


R-O 


-C—R 


a —i !)—b c——d 
Fm. 74 


R—C~ 


“0—^R 


a—i~b d-i—c 


Fig. 76 


R—C- 


-C—R 




C—a c —C —d 
Fig. 76 


R—C- 


-C—R 


—(I d’ 
Fio.77 




linkage is such as to make the units alike, the number of isomers is less 
than 2". For example, the compound al>C=CR—CR^=Cab can exist 
in only three cis-trans forms (Figs. 78-80). 


R—C- 


JU 


-C—R 


R—C- 


~C —^R 


R—C- 


-C—R 


6 —C—G 


b " O C ‘~ a ' I !)—a "ij' 'h 


Fig. 78 


Fio. 79 


Pig. 80 


Kuhn and Winterstein ^ pdnt out that the number of iscxmerB in 
polyenes ai the type, R(C&=-CH),R is equal to 3"~‘ + 2^^; where n 
the number of double bonds. If »ie even, then p » n/2‘, if n is odd, 
p "^ (« + l)/2. 'Ihe synthetic and natural polyenes usually occur 
In one of the possible isomeric forms. 

JGnha and BOt. CMm Acto, It, 87, lie, 123, 144 (1928). 
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Cahbon-Nitrogen Dottble Bonds in Osimeb 

In 1883 Goldschmidt * noted that benzildioxime could be con¬ 
verted to an isomeric compound merely by heating its alcohol solution. 
A short time later Beckmann * showed that benzaldoxime exists in 
two isomeric forms. Since that time, many examples of isomeric 
oximes have been recorded. In 1890, Hantzsch and Werner * pointed 
out that if the three valencies of the nitrogen atom in an oxime 
do not lie in the same plane, there should be an analogy between the 
isomerism of oximes and that of cis~trans isomers in the olefin series. 
The assumption of Hantzsch and Werner has proved valid, and now, 
with the knowledge that the nitrogen atom is tetrahedral, the existence 
of cis and trans isomers in oximes is explained on exactly the same basis 
of restricted rotation as was used in the olefin series.* 

All aldoximes and ketoximes of unsymmetrical ketones should be 
capable of existing in cis and trans forms (Figs. 1—4). One corner of the 



Fia. 1 Fia. 2 Pig. 3 Fig. 4 


nitrogen tetrahedron is occupied by an unshared pair of electrons. 
These compounds are usually written in the condensed form shown in 
Figs. 5-8. 

R_0_H R—C—H R—C—R' R—€—R' 

II 11 ' 11 11 

HO—N N—OH HO—N N—OH 

Pig. 6 Fig. 6 Fig. 7 Pig. 8 

In the nomenclatiu^ of oximes it is customary to use the prefix syn 
in place of cis, and anti in place of trans. In aldoximes the isomer 
(Fig. 6) which has the hydroxyl group of the oxime closer to the hydrogen 
atom on the carbon is called syn and the isomer (Fig. 5) in which the 

I Q<^dBchnudti Bw., 16. 2176 (18S3). 

* Beolcmaca, Ber., SO. 2766 (1887). 

*H«ntBsch and Werner, Bcr., S3, 11 (1890). 

* It should be noted that, if the nitrogen atom is tetrahedral, tertiary amines of the 
type R*R%*N should be lesolvable. However, this has nevw been realised experiment' 
ally (p. 402). 
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hydroxyl group and hydrogen are on the opposite sides of the double 
union is called anti. In the case of ketoximes, it is necessary to indicate 
which group of the ketone is syn or anti to the hydroxyl. The examples 
given below illustrate the system of naming which is in common use. 



Fio. 9 

•tfivPhttxyl }>-tolyl ketoxime 
or 

phenyl ketoxizne 


Fig. 10 

eyn-p-ToIyl phenyl ketoxime 
or 

an<t>Phenyl p-tolyl ketoxime 


It has been suggested that syn and anU forms of oximes are structural 
and not stereoisomers. The various possible structural forms .which 
have been suggested are the following: 
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R—C—R' 


R—C—R' 


HN-^-0 
Fio. 13 


N—OH 
Fio. 14 


The first two of these possible isomers (Figs. 11 and 12) contain 
asymmetric carbon atoms and should be resolvable, whereas no oximes 
have been obtained in which optical activity is due to the oxime group¬ 
ing. The nitroso structure (Fig. 12) does not account for the known 
amphoteric character of the oximes. 

The amine oxide type formula (Fig. 13) has received considerable 
attention. Actually alkylation of a symmetrical oxime often produces 
two isomeric products, one a nitrogen alkylated oxime which is derived 
from this amine oxide type, and the other an oxygen alkylated product 
derived from the usual oxime structure (Fig. 14). 

Semper and Lichtenstadt * showed that benzophenone oxime (Fig. 15) 
on methylation gives an N-methyl derivative (Fig. 16), and an O- 
methyl derivative (Fig. 17). 

C.Ht—C—C.Hf (CHi).so. —C—GeH. CiHc—C—C.H( 

ll_OH N.OH ^ CHr-lr-*0 ll—OCH, 

Fio. 16 Fio. 16 Fig. 17 


HOH / hoh/ \.Ziv_ 

. VcHiCOjH VbO V CHjCOjH 

CJH,COC*H, C,HiCHC.H, Cai,C!OCdIi CJIsCHC.H, 

[CH.NhToH]C 1 GhJiH [H»N 0^H.]C1 IfH, 

Fio. 16 Fia. 10 

and lichtenatedt, Bwm M, 928 (lOlS). 
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The structure of the N-methyl derivative (Fig. 16) was establii^ed 
by the fact that it could be hydrolyzed to give N-methylhydroxylainine 
and benzophenone, while reduction converted it into benzohydrylmethyl* 
amine (Fig. 18). The 0-methyI derivative (Fig. 17) by hydrolysis gave 
0-methylhydroxylamine and by reduction benzohydrylamine (Fig. 19). 

Further evidence of this has been obtained by studies of the oximes 
of phenyl p-tolyl ketone * and p-nitrobenzophenone.® These un- 
symmetrical ketones yield the usual syn and anti forms, each of which 
on alkylation gives 0-alkyl and N-alkyl derivatives. Hence, the amine 
oxide structure does not aid in accounting for the syn and anti forms of 
oximes, but is necessary to account for the tautomerism of these isomers. 

The non-planar nature of the trivalent nitrogen atom in an oxime 
was definitely proved by the resolution of the oxime of cyclohexanone-4- 
carboxylic acid by Mills and Bain.® This oxime does not exist in syn and 



H 



CO*H 


anti forms as would be required if the three valences of the nitrogen atom 
were in one plane. It does exist as a racemic mixture which can be 
separated into its two optical isomers. The resolution of this oxime 
further shows that the nitroso formula (Fig. 12) is not a possibility, 
since 4-nitrosocyclohexane-l-carboxylic acid has a plane of symmetry. 

Determination of Configuration. Assignment of configuration to 
oximes has been made on the basis of (1) relation of an oxime to a cyclic 
compound; (2) product of the Beckmann rearrangement of an oxime; 
(3) dipole moments of alkyl derivatives of oximes; (4) evidence for 
restricted rotation in certain oximes. 

Relatifmship to Cyclic Compounds. As in the case of ds-trans isomers 
in the olefin series the best method of proving the structure of an oxime 
is to relate it to a cyclic compound. 

Brady and Bishop ’’ prepared two forms of 2-chloro-5-nitrobenz- 
aldoxime. These two isomers behaved differently when treated with 
dilute alkali and with acetic anhydride. It should be noted that the 
aldoxime (Fig. 20) which loses hydrogen chloride to form a cyclic mole¬ 
cule (Fig. 21) under the influence of alkali is the form which gives an 

• Brady and Mehta, J. Chem. Soc., 11», 2297 (1924). 

• Milla and Bain, ibid., 97,1866 (1910). 

^ B-nydy and BiiAkop, U7, 1357 (1925)* 
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unstable acetate (Fig. 23) -with acetic anhydride; the acetate loses 
acetic acid readily to give the nitrile (Fig. 24). Since only the anti foml 
of the aldorime (Fig. 20) can give a cyclic compound, it must be con¬ 
cluded that trans elimination of acetic acid is the rule in the aldoxime 
acetate series. 



The indoxazine (Fig. 21) readily rearranges to the phenolic nitrile 
(Fig. 22). 

The syn form of 2-chloro-5-nitrobenzaldoxime (Fig. 25) is not con¬ 
verted to a cyclic molecule with dilute alkali and gives a stable acetate 
(Fig. 26) on treatment with acetic anhydride. This acetate can be con- 
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NOCOCH, 


Fig. 26 


verted to the nitrile (Fig. 24), but only with difficulty, and the change 
apparently involves a preliminary rearrangement of syn-acetate (Fig 26) 
to anti^acetate (Fig. 23). 

Meisenheimer * made a similar study with the isomeric 3-nitro- 
2,6-dichlorobenzaldoximes. The anit-oxime (Fig. 27) gave a cyclic com- 
poimd (Fig. 28) which readily rearranged to the phenolic nitrile (Fig. 29). 
The acetate of the oxime (Fig. 30) was unstable, and sodium carbonate 
converted it into the nitrile (Fig. 31), whereas the syn-oaxas (Fig. 32) 
was unaffected by alkali and gave a stable acetate (Mg. 33) on treatment 
with acetic anhydride.* 

Meisenheim^ ' used thia same general procedure to establish the 
structure of the syn and onfo' forms of 2-bromo-6’nitroacetophenone 

* Mei»enh«im«r, Htdlaekar, and Bri MWn ge r . Ann., 49B, 240 (1932). 

* The Uteratare previoue to 1925 oontaine muiy errors in connection with configura- 
tioasl work on aldoximes, as it was then ihou^t that the oxime which gave tbs unstable 
aoetate and mtiile was the tvn cxnnpound. In reading this eariier literature, it should be 
MBssmbssed that configuratiooa are reversed in almost aU cases. 

*.M ftoW» b4imer, Zumawmann, and Kumaisr, Am., 4M, 205 (1920). 
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oxime. The a-oxime, melting at 171°, is unaffected by alkali and must, 
therefore, be syn with respect to the hydroxyl group and the methyl 
group (Fig. 34). The ;3-oxime, m. p. 132°, gives an indoxazine (Fig. 36) 
on treatment with alkali, and hence is syn with respect to the hydroxyl 
group and phenyl group (Fig. 35). 


0,Nt 



-C—CII, 


> II 

NOH 


-C-CH, N.OH 



Fio. 34 


Fig. 35 


Fig. 36 


In 1921 Meisenheimeroxidized 3,4,5-triphenylisoxazole (Fig. 37) 
and obtained the benzoyl derivative (Fig. 38) of the benzilmonoxime 
having the hydroxyl anti with respect to the phenyl group. This benzoyl 
derivative was hydrolyzed to the free oxime (Fig. 39) which, on benzoyl- 
ation, gave the original acyl derivative again. 


C,H,- 


-C—C,Hs 




CJI.—C-C—cjis C,H.-C-C—CiH. 


A 


N—o-c-caii 


Fig. 37 


Fig. 88 


OH 


Fig. 39 


Meise&liciinsr and Weibesahn. Ber^ 64. 3195 (1021). 
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In 1924, Kohler “ ozonized 3,4-<liphenyl-5-carboxyisoxazole (Fig. 40) 
and obtained the same monoxime of benzil (Fig. 39). This form had 
previously been named the /3-monoxime of benzil. The second isomer, 
called the o-monoxime of benzil, must have the s^Tt-phenyl configura¬ 
tion (Fig. 41). 

C,Hr-C-C-CJI, CJIr-C-C—CJI. CJIr-C-C—CJI, 

&0»f, Holl A 

^Benstbnonoxiz&e 

Fia. 39 Fia. 41 

The Beckmann Rearrangement (p. 979). In 1886, Beckmann ** 
treated benzophenone oxime with phosphorus pentachloride and after 
decomposing the reaction mixture with water isolated benzanilide. 
This rearrangement of ketoximes to substituted amides 



RjC==NOH -» RC—NHR 

/ 

is a very general reaction and may be brought about by a variety of re¬ 
agents, such as phosphorus pentachloride,^ phosphorus oxychlo¬ 
ride,*®’ ** acetyl chloride,*^ benzenesulfonyl chloride,*' acetic anhydride 
containing hydrochloric acid,** sulfuric acid,** and many metallic 
chlorides.*^ 

Early work showed that the isomeric forms of a ketoxime led to iso¬ 
meric amides. The reaction became a reliable method for determining 
the configuration of ketoximes when Meisenheimer (see above) definitely 
established the structure of /3-benzilmonoxime (Fig. 42) and showed 
that it produced the anilide of benzoylformic acid (Fig. 43) in the Beck¬ 
mann rearrangement. 

C——C—“C*Hs 

II 11 C.H,COCONHC»Hi 

NOH O 

Fia. 42 Fio. 43 

“ Kohler, J. Am. Chem. Soc., 46, 1733 (1624). 

1* Beckmaim, Ber., 16, 988 (1886). 

UBeckioann, Ber,, 67, 300 (1804). 

X Beckioaim. Ber., 60, 2SS0 (1887). 

We«e, Ber., M, 3537 (1891); Werner end Det«:h^, Bar.. SS. 69 (1906). 

» Bedonann, Ber., 60.1607 (1887); 6Tt 800 (1894), 

Beokmoim and Bark, J. pivfil. Chem., 108, 342 (1023); Lehmann, Z. angew. Chem. 

MO {Itm ; Laohman, J. Am, them. Soe., 48. 1477 (1924); 47, 260 (1026). 

5 




eis4rana ISOMERISM 


471 


Also, a-benzilmonoxime (Fig. 44) of established configuration gave 
dibenzoylinude (Fig. 45) by rearrangement.^* 


C,H6 


~C—CiiHs 


HON O 
Fig. 44 


C«H5C0NHC0C,H. 
Fig. 45 


Meisenheimer pointed out that the oxime hydroxyl group moves 
up to occupy the space on the carbon atom previously filled by the syn 
R group, whereas the anti R group moves to the nitrogen atom. The 
following scheme was used to aid in visualizing the transformations: 



In the earlier literature there are many mistaken interpretations of 
data obtained by Beckmann rearrangements of ketoximes due to an 
old belief that the syn groups (OH and R) merely exchanged their 
positions. At present the only serious limitation to this method of 
determining the configuration of ketoximes is that certain aliphatic 
ketoximes give both amides owing to ready interconversion of the two 
forms of the oxime. 

Dipole Moments of Oxime Derivatives. Sutton and Taylor*® meas¬ 
ured the dipole moments (p. 1752) of a number of O- and N-methyl 
ethers of the oxime of p-nitrobenzophenone, and were able to correlate 
some of their results with those obtained by the Beckmann rearrange¬ 
ment. However, as a method of determining configuration, this physcal 
measurement is still unsatisfactory. 

Restricted Rotation. Meisenheimer®^ prepared two isomeric oximes 
of l-aceto-2-hydroxy-3-carboxjniaphthalene (Figs. 46 and 47) and 
foimd that one form of the oxime (jS) gives salts with coniine, cinchonine, 
and strychnine which exhibit mutarotation in pyridine, indicating that 
the oxime molecule is asynunetric. The N-methyl ether of the d-oxime 

Meisenb^xner, Bw., 54, 3206 (1921). 

*** Sutton and Taylor, . CAwn. iSoe., 2190 (1931); Blatt, CAsni. Ui, 215 (1933)> 

** Sutton and Taylor, J* CAem- (Soc,, 2190 (1931). 

MoiBenheimor, Theilacker, and Beifiswengor, Ann., 495, 249 (1932). 
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(Rg, 48) was obtained in two optically active forms. The existence 
of optical isomers of this oxime or its ether can be explained on the basis 
of restricted rotation similar to that observed in the ortho substituted 
biphenyls. Restricted rotation would be expected in the oxime in 
which the hydroxyl group is sj/n to the naphthalene nucleus (Fig. 47). 
The a-oxime could not be re.solved, and its alkaloid salts showed no 
mutarotation. Its configuration must, therefore, be that with the 


CH, OH CH» CHs CH 



Fig. 46 Fio. 47 Fig. 48 


3 


oxime hydroxyl group ardi to the naphthalene nucleus (Fig. 46). The 
products from the Beckmaim rearrangement of these two oximes arc 
those which would be predicted from the configurations assigned to the 
oximes on the basis of the resolution experiments. 

Intn'conversion of syn- and anh-Oximes. When an aldehyde or 
unsymmetrical ketone is treated with hydroxylamine, the two possible 
forms of the oxime do not always result. Usually in the aliphatic series 
only one form can be isolated. Most of the known pairs of isomers have 
been obtained from aromatic aldehydes and ketones. Hantzsch ^ 
studied the configurations of a large number of oximes. He arranged 
the following series of R groups on the basis of their attraction for the 
hydroxyl group of the oxime. 

CHt > CnH( 2 n+i) > C 4 HJS, C^HjO > o-C(H 4 X > CgHjCO > 
m- and p-C«H<X > C*H, > CO,H > CH=CHCO,H > CH 2 C 02 H 

Thus, in an oxime prepared from a ketone CoHjCOR the sj/rt-R form 
(Fig. 49) is stable if R comes before phenyl, and the onti-R form (Fig. 
50) is stable if R follows phenyl in the above series. 

R—0-*C*Hf R— 

II II 

HON NOH 

Fig. ^ Fig. 50 

Many reagents convert the labile oxinM into the stable form. Bro- 
mlBe, adds, and bases have been used extenmvely for this purpose. Heat 

Ber^ », 2164 089*). 
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usually converts the labile isomer to the stable; ultra-violet light often 
converts the stable form to the labile one. 

Other Carbon-Nitrogen Double Bonds. It is evident that any mole¬ 
cule containing the > C=N— group should be capable of existing 
in synranii forms. As a matter of fact, isomers have actually been ob¬ 
tained in a considerable number of cases. For example, Fehrlin ^ and 
Krause * obtained two isomeric phenylhydrazones from o-nitrophenyl- 
glyoxylic acid; Overton ^ obtained isomeric diphenylhydrazones from 
phenyl p-tolyl ketone; Hopper ^ obtained isomeric monosemicarbazones 
from benzil; Stieglitz and his students ® obtained isomeric chloro- 
imides of the type shown in Figs. 1 and 2, and Manchot and Furlong ® 
reported syn and anti forms of certain Schiff’s bases. 


NOi NO2 



Tig. 1 Fig. 2 


This general field has not been so intensively studied as the olefins 
and oximes. 

Nitrogen-Nitrogen Double Bonds 

A logical extension of the tetrahedral nitrogen structure leads to the 
prediction that syn-anii isomers should be encountered in compoimds of 
the type A—N=N—A or A—N==N—B. The simplest example of this 
type of isomerism has been furnished by the isolation of the cis and 
trans forms of azobenzene. (Figs. 1 and 2). 



ei« or tyn form <™>»» or o"*« *<»«“ 

no. 1 Fig. 2 


» PehrUn. Bcr., S3. 1674 (1890). 

• Kreuae, Ber., 23, 3617 (1890). 

• Overton, Ber,t 26, 32 (1893). 

® Hopper, .1. Chetn. See., 127, 1282 (1925). 

‘ Stieglit* and Earle, Am. Chem. J., 30, 399 (1903): StieaJiti, Oid., 40, 36 (1908) 
Hilpetrt, ibid., 40, 160 (1908); SUeglita and Peterson, Ber., 48, 782 (1910); Peteffson. Am 
CAem. J., 46. 326 (1911). 

• Manchot and Furlong, Ber., 42, 3030 (1909). 
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Asoboozene prepared by oxidation of hydrazobensene or reduction 
of azoxybenzene is always isolated as the irans form, which melts at 6S°. 
RecenUy Hartley * succeeded in isolating the cis form of azobenzene. An 
acetic acid solution of ordinary azobenzene was exposed to sunlight for 
some time, water added, smd the mixture filtered. Extraction of the 
aqueous filtrate with chloroform gave ci^azobenzene, which melted at 
71.4“. The cis form had a dipole moment of 3.0 Debye units in contrast 
to a zero dipole moment for the trans form.* 

Hartley has also studied the equilibrium cis i=* trans in various 
solvents and has foxmd that from 15 to 40 per cent of the cis isomer is 
present in solutions exposed to sunlight. The conversion has an activa¬ 
tion energy of 23 kcal., and two values are given for the heat of con¬ 
version, 12 kcal. per g. mole by Hartley, and 9.9 kcal. per g. mole by 
Corruccini and Gilbert.* 

The two forms of azobenzene and other azo compounds have also 
been separated by chromatographic adsorption. Aluminum oxide was 
used as the adsorbent and petroleum ether or benzene as the solvent.* 

Freundlich and Heller * found that the cis form was more strongly 
adsorbed on alumina than the trans form, especially from petroleum 
ether solution. The trans form is more strongly adsorbed on charcoal 
from methanol solution. 

von Auwers has substantiated the cis nature of the new form by 
spectrochemical methods.* 

Euler and Hantzsch ^ observed that treatment of p-methoxy- 
benzenediazonium chloride (Fig. 3) with sodium cyanide produced at 
first a true diazonium cyanide (Fig. 4) which gradually isomerized to 



Fm, 3 Fia. 4 


pve a mixture of two products which they showed to be the syn (Fig. 6) 
and anii (Fig. 6) forms of the corresponding diazocyanide. 

The diazonium cyanide (Fig. 4) is a colorless salt, soluble in water, 
and gives a solution which is a good conductor of electricity. The syn- 

» Hartiey, Nalvre, 140, 281 (1037); J. Chem. Soc., 633 (1038). 

* Hartley and Le Fivre, J. Chem. 8oe., 631 (1030). 

* Corruccini and Gilbert, J, Am. Chem, See., 61, 2926 (1030). 

. * Cook, J. Chem. Soc., 876 (1938); (3ook aad Jonee. ibid., 1300 (1930): Zochmoieter, 

. and J&rgenaen, NatunoisHneehaftm, tO, 496 (1938). 

, ' ^I'reunJUch and Heller, J. Am, Chem. Soc., U, 2228 (1939). 

f von Alters, Ber., 71, 611 (1038). 

T IBkHnr and Hantxach, Ber.. 84,4166 (1901). 
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and anti-diazocyanides are colored, insoluble in water, soluble in organic 
solvents, can be hydrolyzed with water to give amides, and react with 



Eio. 6 Pia. 6 


ammonia to give amidines and with alcohols to give imido esters. Many 
such pairs of syiv- and anff-diazocyanides have been recorded in the 
literature. 

The best evidence that these diazocyanides are cis-irans isomers has 
been furnished by showing that the addition of reagents to the nitrogen- 
nitrogen double bond destroys the isomerism. Thus, either syn- or anti- 
p-chlorobenzene diazocyanide * (Figs. 7 and 8) give the same addition 
product (Fig. 9) with benzenesulfinic acid. 



Stephenson and Waters ® extended the study of diazocyanides to 
those derived from halogenated aromatic amines. It was found that 
anft-diazocyanides were thermally stable, but could be transformed 
photochemically into the reactive syn isomers. 

If silver nitrate is added to an alcoholic solution of a sj/7tdiazocyanide, 
alver cyanide is produced, whereas no reaction with silver nitrate is 
observed with the anti isomer unless it is converted to the syn form by 
exposure to light. Solutions of syn-diazocyanides in non-ionizing 
solvents isomerize to the anti forms even in the absence of li^t. These 
facts are expre^d in the following equilibria: 

ArN tiglit At— 

11 11 [ArNssN]+CN- 

N—CN < - NC—N 


•HantMch and Gl(H!»uer, B«r., 3«, 2648 (1897). 

• Stetdienson and Waters, /. Chem. Soc., 1796 (1939). 
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If soktions of the eyn-diaeocyanideB in non-ionizing eolveats such 
as carbon teiraohltmde, benzene, and ether are wanned, no nitrogen is 
evolved although a conversion to the more stable anti form is observed. 
Addition of copper powder, however, results in a complete decomposition. 

Measurement of the dipole moments of several pairs of isomeric 
diazocyanides has confirmed the conclusioju of Hantzsch that the anti 
forms are the stable isomers.^*^ The progress of the spontaneous isomer¬ 
ization of the m into the brans forms in benzene solution was followed by 
means of dielectric-constant measurements. The activation energy for 
the conversion of p-bromobenzenediazocyanide was found to be 21.6 
kcEiL, which is nearly the same as that for the conversion of cis- into 
trana-azobenzene, leading to the suggestion that both transformations 
proceed by the same mechanism. 

Hantzsch “ prepared syn- and onif-diazosulfonates by the action of 
potassimn sulfite on diazonium salts. Both syn and anti forms were 
reduced to give the same potassium phenylhydrazine sulfonate, CeHs- 
NHNHSOaK. 

rCJIt-N-l+ rC.Bh—N1+ CeH.N C.H.N 

L It, L if] KOaSil ilsojc 

Pio. 10 Fia. 11 Fio. 12 Fia. 13 

The action of alkali on diazonium salts converts them into syn- and 
anti-potassium diazotates. In the case of potassium p-nitrophenyl 
diazotate, the two forms are stable enough to isolate.** The syn isomer 



Fia. 14 P^a. 16 


(Fig. 14) forms first, but gradually changes over to the more stable 
arUi isomer (Fig. 15). In the older literature, the anii diazotate is fre¬ 
quently called the isodiazotate. The existence of these isomers has also 
been expUdned on the basis of tautomerism, but this explanation has 

C«HtN«»NOH C.H»N<;*- 

^NO 

teas experimental foundation than the syn and anti type of isomerism 
winch Hantzsch oiighkally suggested. 

’ » l* FtOTe and VJne, Aii., 431 (1038). 

URaatMBli, Btr., ri, m«. 172« (180©. 

and Sdunidt, B«r., fT, 614 (189©. 
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Muller ** obtained iBomeric forms of certain azoxy compounds (e.g,, 
Ifigs. 16 and 17) which are of the cis-irans type. He has shown that 
these isomers have quite different dipole moments and concludes that 
the irans form (Fig. 17) is the one having the smaller value. 



Fia. 16 Fig. 17 


Cyclic Compounds 

Carbocyclic Compounds. The best experimental evidence now avail¬ 
able indicates that the atoms in three-, four-, and five-membered rings 
lie in one plane and the substituents fall in two planes, one on each side 
of the plane of the ring (Figs. 1-3). In these molecules the cyclic 



Fig. 1 Fig. 2 Fig. 3 


structures restrict the freedom of rotation around the single bonds 
between the atoms in the ring, and when two or more atoms in such a 
ring are imsymmetrically substituted, cia-trans isomerism is encountered. 

Six-membered rings very probably assume a strainless con%uration 
(p. 69) and, therefore, are non-planar; yet, as far as the experimental 
evidence now goes, the occurrence of ds-trans isomerism in these rings 
may be considered along with that in the planar rings. Little is known 
experimentally concerning the possibilities for cis-trons isomerism with 
rings of more than six atoms. It seems very likely that eis-irana ismner' 
inm will be encountered in these molecules where two or more ring atoms 
are unsymmetrically substituted unless the ring is of such a lazgC^'suse 
that there is no longer any restriction to free rotation aroand the single 
bonds which hold it together. 

“MWiw, Ann., 132 (1932). 
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BdaUondnp b^ween ds-trans and Optical Isomerism in Cyclic Com- 
pounds. If should be remembered that dMram isomerism in cyclic 
molecxiles is often closely associated with optical isomeiism (p. 315). 
For example, the cyclopropane molecule shown in Fig. 1 is a cis form, and 
it is also a mesa form. The corresponding trana form (Fig. 4) is one of a 
racemic pair. Hie cyclopentane molecule shown in Fig. 3 is likewise a 
ds and meao form, whereas the trans form of this compound (Fig. 5) is 
one of a racemic pair. 



Fio. 4 



lyi 


Fio. 5 


In cyclic molecules there is often ds-trans isomerism without optical 
isomerism. The l,4-di8ub3tituted cyclohexanes (Figs. 6 and 7) and the 
I,3>di8ub6tituted cyclobutanes (Figs. 7 and 8) offer illustrations. 
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Fio. 6 
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DeterrmnaUon of Configuration. The best method of determination 
of the structure of ds-tram isomers in the cyclic series is to test the re- 
solvability of the molecule. As indicated in the preceding section, many 
ds forms are ineso, whereas the corresponding trans forms are racemic 
and resolvable. This method of structure proof, though limited in its 
application, is the most trustwearthy method where it can be utilized. 

Boeseken ^ cbvised a satisfactory method for determining the con- 
ffgaradon d 1,2-dihydroxy compounds. A cia-1,2-dihydroxy compound 
adda bode add to ^ve a cyclic complex (Fig. 10) which is a much stronger 

Bee. tnm. Mm., M, 663 (1821): Hermans, 2Vee. AeoS. ScL Amsterdam, 
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acid than boric acid, whereas a /mm-1,2-dihydroxy compound does not 
form such a complex. 


CHj-CH—Ov yO —CH- 

I 1 X 1 

CHa CH—0/ ^0—CH 

. NlHa^ N^Hj/ 


CHa"!- 
1 H+ 
CHa 


Fio. 10 


Physical properties, such as melting point, solubility, and conductiv¬ 
ity of acids, which aid in assigning configurations to cis-trans isomers 
in the olefin series, are of little use in the cychc series because there are 
too many exceptions. 

The following table, prepared by R. Kuhn,* shows the properties of 


the hexahydrophthalic acids. 



Hexahydrophthalic 

Acid 

M. P. 

Solubility 
in Water 


oJ 

\cis 

190° 

Greater 

4.6 X 10-* 

n 

[trans 

215 

Less 

6.6 X 10-* 

m| 

[«'« 

162 

Greater 

8.0 X 10“* 

[trara 

147 

Less 

4.9 X 10“* 


[CM 

163 

Greater 

3.6 X 10-* 

P\ 

[trans 

>300 

Less 

6.6 X 10-* 


In the cyclic molecules, as in the olefin series, it is to be expected that 
eis groups will react more readily with each other than do trans groups, 
and this aids in the determination of configuration. Thus, in the camphor 
series, camphoric acid (Fig. 11), which is the cis form, readily gives an 
anhydride, whereas isocamphoric acid (Fig. 12) does not give one.* 


H 



CO,H 



C0,H 
Fi&. 12 


* CMm. Ada, 11, 71 (1928). 

• Aadbaa. B«r., S7, 2001 (1894). 
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Yet, trans dibasie acids frequently do give anhydirides, and hence the 
mere fact that a dibasic acid does give an anhydride is not a proof that 
it is a 08 form. However, it is usually true that the tram anhydrides are 
less stable than the cis, and often rearrange to the ds forms. For 
example, the racemic cyclohexane-1,2-dicarboxylic acid which is tram 
(Fig. 13) gives an anhydride (Fig. 14) which, on heating, rearranges 
to Ihe anhydride (Fig. 15) of the o's or meso dibasic acid (Fig. 16).* 


CH,-CH, 


CH,- 


-CHj 


/ 

CHs 

\i 


CO»H/ 
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CH, 


CH, 


COsH H 
Fia. 13 


CH, 



CH,-CH, CH,-CH, 



CO—0—CO CO,H CO,H 

Fia. 16 Fio. 16 


Heats of combustion of the anhydrides of cyclohexane-l,2Kiicarbox- 
yiic acid indicate that the tram anhydride is the less stable.* 

The opening of one ring in a bicyclic molecule, as in the hydrolysis 
of cis-cyclopentene oxide (Fig. 17), would be expected to lead to a cis 
form of a monocyclic molecule. However, this does not follow, for 
Bdeseken * showed that the above oxide gives a glycol (Fig. 18) which 
must be the tram form since it is resolvable. 

Wislicenus ’’ devised <me certain method of determining configura- 
tiotas which is based on the saone general principle as Kdmer’s method of 
dtetenmning orientation in the benzene ring. The two fonns of 2,5- 

^nn., MS, 217 (1890). 

* Be^and MCUcor, Lkndtdi-Btenfteiii. Springwr, Beriia, SlftA Ed., Buppl. part 1, p. 876 
■tR e i wltw i, Bee. trail. ehm» M, 183 (1820). 
f Ber., 84. 2S68 (1901). 
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Fig. 18 


dimethylcyclopentane-ljl-diearboxylic acid (Figs. 19 and 20) can bedis* 
tinguished by the number of isomeric products which are formed by the 
loss of one molecule of carbon dioxide from the dibasic acid. The loss of 
carbon dioxide from the cis form (Fig. 19) leads to two possible mono¬ 
basic acids (Figs. 21 and 22), whereas the loss of carbon dioxide from the 
irons form (Fig. 20) leads to a single monobasic acid (Fig. 23). Wis- 
licenus was able to assign definite configurations to the two monobasic 
acids (Figs. 21 and 22) by an ingenious scheme. Mild hydrolysis of the 


CH, CH,-CH, CH, CH, CH,-CH, H 


cojH^l; 




K 


H 




diethyl ester of the dibasic acid (Fig. 19) gave an atdd ester. Ilie ester 
group which would hydrolyze most easily is the unhindered one which is 
below the plane of the ring (Fig. 19). Elimination of carbon dioxide 
from the resultant acid ester followed by vigorous h3rdTOly8i3 of the 
remaining ester gro\ 4 > pive a single monobasic acid v^ch must have 
Ure structure shown in fig. 22. 
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Tlie use of the idea of steric hindrance has also served to distinguish 
between hydromellitic acid (Fig. 24) and isohydromellitic acid (Fig. 25). 
The latter ^ves a monomethyl ester when treated with methyl alcoholic 


CO*H COsH 

I I 

CO,H C-C CO,H CO*H 



CO*H CO»H 

i—4 



COjH 


H CO,H 
Fio. 25 


hydrogen chloride, whereas the former remains unesterified.* Likewise, 
Vavon • assigned stracturea to certain monosubstituted cyclohexanols 
(Fig. 26) on the basis that the cia forms are more difficult to esterify, 
and their esters are more difficult to saponify. 

CHz—CH» 

/ \ 

CHs CHOH 

\ / 

CHs—CHR 

Fio. M 


IntercoTwersion of Isomers. Interconversion of eis-lrans isomers in 
the cyclic series takes place readily only when there is a chance for 
tautomerism. Examples are menthone'® (Fig. 27), the hexahydro- 
phthalic adds, and camphoric acid “ (Fig. 28). The reagents which 


CH, CHi—CO H 


i\ 


CHr-CH» CH(CH»)i 


Fw. 27 


H 



Fto. 28 


* wa liooii, £ct., SB, 1270 (1805). 

»iU. %oe. Mm., WM, SM (102«i tt. 667 (1028). 
Wl8l«teun, Ann., t»e, SSi (18B9). 

»AUdiMOf 818. 217 (1901) i 887,16 (1912). 
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cause the conversion of one form to another are those which also favor 
enolization. 

Heterocyclic Compounds. The introduction of a hetero atom such 
as oxygen, nitrogen, or sulfur in the cyclic system does not change the 
real ring structure, since these atoms are tetrahedral. The cyclic acetals 
in the sugar series are well-known examples of the heterocyclic com¬ 
pounds with oxygen in the ring. Comubert and Robinet “ have recently 
isolated the two forms of a,a'-diphenyltetrahydro- 7 -pyrone (Fig. 29). 
The chapter on alkaloids (p. 1166) furnishes illustrations of cia-trans 
isomerism involving nitrogen rings. 


H C,H8 



CeHj CtH^ 

Fig. 29 

Some interesting examples of cis-trans isomerism in rings containing 
sulfur oxidized to the sulfoxide stage have been investigated. Bennett 
and Waddingtonseparated several pairs of the sulfoxides of pen- 
thianols (Fig. 30). Bell and Bennett isolated the ds and trans fonaa of 



Fio. 30 


the disulfoxide of 1,4-dithian (Fig. 31). The same authors isolated the 


0 CHa-CHs 0 CH*-CH* 0 



Fig. 31 

*• Cornubert and Robinet, BuU. toe. chim., [6) 1, 90 (1934). 
t* Bennett and Waddington, J . Cbcw. Soc., 2832 (1929). 

Bell and Bennett, iUd., 1798 (1927). 

» BeU and Bennett, <M., 15 (1929). 
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variouA da-iram isomera of the di< and tiisulfoxides from trithian 
(Fig. 32). 
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Fro. 32 


Condensed Ring Sjrstems. morons Isomers exist in certain con¬ 
densed ring systems, but not in others. If the rings are fused in the 1,2- 
positions, two isomers may be obtained when both rings contain six 
atoms, both rings contain five atoms, or one ring contains six atoms and 
one contains five atoms. Hfickel ** isolated tiro cis (Fig. 33) and irans 
(Fig. 34) forms of decahydronaphthalene. Heifer obtained two forms 


CH, CH, 

/ \ / \ 

CH, C. CH, 

H 

CH, C^ CH, 

\ / \ / 

CH, CH, 

Fia. 33 


CH, CH, 

CH, ^C^ '^CH, 
H''’ 

C/ 


CH, 

\ / \ / 


CH, 


CH, CH, 
Fia. 34 


oi decahydroisoquinoUne (Fig. 35), and BSeseken and his co-workers ** 
prepared the ct« and Irons forms of naphthodioxane (Fig. 36), thus show¬ 
ing that condensed heterocyclic systems behave like the homocyclio 

Ann., 441, 1 (182®); 4ft, 109 (lesf). 

; Meh. Chim. Ada, f, 796 (1928); t. 814 (1926). 

Tdieten, and Hmulquai, Sec. trot, ehim^ W, 909 (1031). 
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systems. Hiickol and Friedrich ** showed that hexahydrohydrindanone 
(Fig. 37) occurs in two forms which are as and trans isomers. 
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The existence of two forms of 3,3,0-bicyclo6ctane (Fig. 38) is evi¬ 
dence for the occurrence of cis~(rans isomers in fused five-membered rings 
of the 1,2 type. 

Cyclohexene oxide (Fig. 39) has been found in only one form, thus 
indicating that a three-membered ring fused to a six-membered ring in 

CHj 

/ \ 

CHj CHn^ 

I ^ 

CHj CH^ 

\ / 

CHj 

Fiq. 39 

the 1,2-position is too highly strained to exist in a from modification. 
For the same reasons, it seems unlikely that the trans isomers will be 
encountered in any 1,2 condensed ring system which has as one of its 
members a ring of less than five atoms. 

A considerable number of compounds is known in which two sax- 
membered rings are fu^d through the 1,3- and the 1,4-positioDS. Tbe 

» HQckel and Fricdtich, Ann., 4S1, 132 (1926). 

»and Meade, /. CA*m. Soc.. 936 (1934); Barrett and tjnstead, tWi, 436 
(1935). 

M Bartlett, /. Am. Chem. Soc., W, 324 (1986). 
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U-ans forms are highly strained configurations, and the experimental evi¬ 
dence points to the existence of only the cis isomers. Examples of these 
types of condensed nuclei are 3,3,1-bicyclononane ” (Fig. 40), cam- 
phane ** (Fig. 41), and 2,2,2-bicyclo6ctane (Fig. 42). 

CH, CH*—€H—CH, 

I I 

CH*—CH—CH, CH,—C-CH, CH, 

III I I 

CH, CH, CH, CH,CCH, CH, 

III I I 

CH,—CH—CH, CH,—CH—CH, CH,—CH—CH, 

Fio. 40 Fia. 41 Fio. 42 

The condensed ring systems are of considerable importance in con¬ 
nection with the chemistry of the alkaloids (p. 1166), terpenes (p. 70), 
sterols (p. 1379), and related compounds. 

Terphenyl Derivatives 

In 1929 Stanley and Adams * pointed out that terphenyl derivatives 
substituted in the positions ortho to the pivot bond joining the phenyl 
groups and unsymmetrically substituted in the terminal phenyl groups 
could exist in ds and trails forms. Several derivatives of this type have 
been prepared, and most of them are also isomers of the racemic and 
meso types as well as of the ds-trans type. Since these have already 
been described in the section on optical isomerism (p. 370), only the 
ds-trans isomers which do not show optical isomerism will be considered 
here. 

If the central benzene ring in the terphenyl derivative is substituted 
with four like groups, the resulting terphenyls are not asymmetric, but 
ds-trans isomerism is possible (Figs. 1 and 2). 



Fio. 1 Fio. 2 

’S Mmrweiii and ScbCrtnann, Ann., SM, 196 (1913); /. prakt. Cheat., 104, 161 (1922). 
W3a;ttck6l,..Ann., 4B6. 123 (1927). 

I* AiMer jud oo-worbers, Ann., 014, 1 (1^4) j Kaasnsky and Plate, Ber., 08, 1269 
IgiaidtQraiid Adama, Rec. Irtn, eMm., 48, 1080 (1929). 
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Shildneck and Adams * prepared the ds and trans isomers of 2,5-di- 
(3-bromo-2,4,6-trimethylphenyl)-l,3,4,6-tetrahydroxybenzene (Fig. 3) 
and of some of their tetraacyl derivatives (Fig. 4). 


CH, 


HO OH 
BrCH. H,C Br 



Br CH, H,C_ 

CH, 


H^H 



CH, 


H^OH 


Fiq. 3 


These pairs of compounds were remarkably stable to attempts at 
direct conversion of one form to the other. Naturally, the same condi- 


R R 

0=C C=0 


CH, 



CH, 


R R 
0=C C=0 



Fro. 4 


tions which favor racemization of optically active biphenyl and terphenyl 
derivatives will favor interconversion of these cis and tram forms. There 
is no general method of determining the configuration of terphenyls 
which are not also optically active. When optical activity is possible, 
the determination of cfs and trans configurations can be made by relating 
the isomers to meso and racemic forms. 

This type of cis-trans isomerLsm which is dependent on restricted 
rotation around a single bond hfis been predicted for quaterphenyls ’ 
and will undoubtedly be discovered in other series as well. 
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HISTORICAL 

Fraokland,* in 1849, was the first to isolate an organometallic com¬ 
pound and then establish its constitution. He set out to prepare the 
free ethyl radical, using zinc to remove iodine from ethyl iodide, and 
obtfuned instead diethylzinc. 

2 C:H(I + 2 Zn —* (C2H5)2Zn + Znl2 

Then, in a series of classical investigations with infiammable and 
poisonous compounds, he extended his studies to other metals and soon 
laid tie groundwork of much of our present knowledge of organometallic 
chemistry. Although Frankland did not realize his primary objective 
of preparing alkyl radicals, it is significant that his organometallic com¬ 
pounds provided the essential means, long years later, for the prepstfa- 
tion of free alkyl radicals by pyrolysis. 

{02Hi)2Zn —* 2 O 2 II 2 -f" Zn 

In free radical chemistry, organometallic compounds not only are useful 
for the preparation of free organic radicals and the identification of 
free radicals (by combinations with metals to give organometallic 
derivatives), but also their Use pro^ddes a satisfactory means for estab- 
Hshing, uniquely in many cases, the existence of some elements in 
ko-oalled abnormally valenced states Eke tetravalent chromium in R 4 Cr. 

Frankland, before going deeidy in his work, said that he “became 
in^H«ssed with the fixity in the maximum combining power or capacity 
^ saturation in the metallic elem^ts which had not before been sus- 
The strenuously advocated case by Kekul6 and oth^ for a 

f Ann., Tt, 213 (1849). 
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fiaaty in valence found support, therefore, in the early work with organo-' 
metalhc compounds. It is interesting to note, then, how the whole 
picture of valence, as it concerned organometallic comjjounds, changed 
over the years; at first, organometallic chemistry did much to sustain 
the concept of fixity in valence; later, it provided a very useful tool to 
establish the wide variability in valence for certain elements. 

DEFINITION 

Broadly speaking, organometallic compounds are compounds which 
have a direct union of carbon with a metal. There is no agreement on 
the definition of a metal. To some, the elements are very largely 
metallic and to such an extent that, of the 92 known elements, 68, or 
74 per cent of the total, are metals; 11 of the remainder or 12 per cent 
of all the elements have some of the properties of metals (B, C, Si, P, 
As, Sb, Se, Te, Po, I, and Element 85); and only 13 elements are non- 
metals (H, N, 0, S, F, Cl, Br, He, Ne, A, Kr, Xe, Rn).* The organic 
chemist would prefer to delimit the “somewhat metallic” elements to 
exclude at least phosphorus, selenium, and iodine; and he would wisely 
elect to consider carbon in organic compounds as a non-metal, if only to 
avoid classifying practically all organic compounds as organometallic 
compounds. 

There are numerous tjT)es of organometallic compounds. Those 
having but one metal may contain one or more R groups and one or 
more X groups, dep)ending on the valence of the metal and the stabilities 
of the organometallic compounds: C 2 H 6 Na, (CH 3 ) 3 A 1 , CHsHgCeHs, 
CeHsBeCl, (C 6 Hii) 2 PbBr 2 , CH 3 SnCl 3 . The R group can be aliphatic, 
alicyclic, or aromatic, and although it may have a wide variety of sub¬ 
stituents it obviously cannot contain a substituent which can react with 
the selected organometallic linkage. For example, no compound 
like H—C—Gle ^i MgBr is known because of the prompt and vigorous 

II 

O 

reaction of an RMgX compound with an aldehyde. X may be halogen, 
or almost any acid radical, hydrogen, hydroxyl, amino, or other group 
depending on the organometallic type; but the X group cannot be <me 
which reacts with the selected organometallic type, and this would rule 
out the possibility of C 2 H 8 CaOH Inasmuch as organoealcium com¬ 
pounds react vigwously with the hydroxyl group. The mebd might 
be an integral part of a cyclic structure like pentametihylenemercury, 
(raFr j )jW g ; or it may be attached to a methylene group in a simple 

* FonieUuf and Robyi J . Chttn. Educdion^ 53 (1935). 
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type like methylene^aluminum iodide, CH 2 '=»A 1 I, Where two or 
more atoms of a metal are pre^nt, we may have the same metal as 

CH.CH, CH, 

I I I 

in dodecamethylstannopentane, (CHt)jSn—Sn—Sn—Sn—SnCCHs)*, and 

CH, CH, CH, 

diiodozincmethane, CH2CZnI)2; or unlike metals as in l-trimethyl- 
stannyl - 6 - trimethylplumbylpentane, (CH3)3SnCH2(CH2)8CH2Pb- 
(CH3)3. 

The two main classes of organometallic compounds are commonly 
known aa "simple” and “mixed.” By a simple organometallic com¬ 
pound is understood one which has only R groups attached to the 
metal (M) as R4M, whereas a mixed organometallic compound has 
both R and X groups attached to the metal, as R2MX. The simple 
types may be further divided into symmetrical (C2H6HgC2Hs) and 
unsymmetrictd (C2HfiHgC4H9) groups. 

Strictly speaking, carbides are organometallic compounds, and 
although some of them have general characteristics that warrant their 
inclusion as organometallics it would seem desirable in the space allotted 
to give them no more than cursory consideration. Also, metallic 
cyanides and metallic carbonyls are not to be considered here, partly 
because of some uncertainties concerning their structures but more 
particularly because they do not appear to have what might be termed 
the essential characteristics of organometallic compounds. In view of 
such arbitrary limitations it may appear surprising to suggest the 
inclusion of compounds that have no carbon and so are not organic in 
a strict sense. However, a case of sorts can be made for the metallic 
hydrides. Severtd homologous series have as theoretical first members 
a simple inorganic substance 


CH, 

CH, 


fH, 

rH,o 

[NH, f 

CH, 

CH, 

CH, 

CH, 

CH,OH 

pCH,NH, 

1 CH,, 

CH, 

CH, 

1 C,H, 

C,H,OH 

[C,H,NH, 1 


NaH 

CH,Na 

C,H,Na 


whose general properties warrant consideration with the organic mem¬ 
bers of the series. On such a baas, the first member of ea(h series of 
single organometallic compounds is a metallic hydride. Actually, 
fiO$ae metallic hydrides do exhilnt propertiee highly reminiscent of the 
QCinnometallic compounds oontsming that metal.* 

; It shoiild be st«d»d at this place that organometallic comptamds 

B, 1478 (ig 29 )> 
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have not been prepared from all metals. There are some who believe 
that certain metals cannot form organometallic compounds. It ie 
probable, however, that all metals will form organometallic comjKiunds. 

OCCURRENCE 

The only reported occurrences in nature of compounds which might 
be considered to be organometallic are those of moissanite, SiC, and of 
cohenite (FeCoNi) 3 C. Both compounds have been found in meteorites. 
The great stability of certain types of organometallic compounds war¬ 
rants the prediction that others may be found. 

PREPARATION 

There are many procedures, general and specific, for the preparation 
of organometallic compounds. Some of these will be considered subse¬ 
quently, but at this time it would seem desirable to mention three 
syntheses of wide application. 

RX + M -> RMX or 2RX + 2M -♦ RjM -I- MX* (1) 
RsM' + M" RjM" -I- M' (2) 

RsM' + M"X2 -» RjM" -I- M'X* (3) 

Basically, therefore, organometallic compounds derive from interaction 
of an RX compound with a metal or its alloy or amalgam. This applies 
particularly to the preparation of organozinc, -magnesium, and -lithium 
compounds, which are among the most effective types for the trans¬ 
formations illustrated in reactions 2 and 3. The historically important 
organozinc compounds have been largely superseded for synthetic 
purposes by the magnesium and lithium compounds which are less 
inflammable, less toxic, and more conveniently manipulated. Although 
organozinc and -mercury compounds still find use for the synthesis 
of other organometallic compounds it is significant that many zinc and 
mercury compoimds are best prepared from the corresponding organo- 
magnesium and -lithium compounds. 

In reaction 2, M" is generally of a higher potential or above M' 
in the electromotive series; but in reaction 3, the reverse relationship 
generally holds, and M" is below M' in the electromotive series. It 
should be stated, however, that the reactions are not typically electro¬ 
chemical in kind and that they are often reversible. As specific illus¬ 
trations we have: the Grignard reagent formed in accordance with 
leacflion 1; organolithium compounds formed from metallic lithium and 
the RMgX compound in accordance with reaction 2; and organo- 
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aluminum compounds formed from aluminum chloride and the Grig- 
nard reagent in accordance with reaction 3. In general, a more reactive 
oi^mometallic compound is formed from a less reactive compound 
in reaction 2; and a less reactive organometallic compound is formed 
from a more reactive compound in 3. These generalizations apply to 
all organometallic compounds so that one might expect to use any RM 
compound for the synthesis of all other organometallic compounds. 
Something approaching this has been realized with the Grignard 
reagent, which has been used, at one time or another, for the prepara¬ 
tion of practically all other organometallic compounds, the more reactive 
ones being prepared from RMgX and a metal, and the less reactive 
ones from RMgX and a metallic halide. 

PROPERTIES 

The ph 3 rsical, chemical, and physiological properties of the numerous 
different types of organometallic compounds vary greatly. However, 
certmn classes of RM compounds can be grouped conveniently. A 
simple and effective system of classification is by groups in the periodic 
table, and the organometallic compounds will be considered here in 
the order of such periodic groups. Fortunately, there are available two 
reactions which can be used further to simplify classification into the 
following three divisions on the basis of relative reactivities: (1) the 
highly reactive compounds; (2) the moderately reactive compounds; 
and (3) the relatively unreactive compounds. The two reactions are 
addition to an olefinic linkage smd addition to a carbonyl group. The 
hi^y reactive compoimds add to both the olefinic linkage and the 
carbonyl group; the moderately reactive compounds add only to the 
carbonyl group; the relatively unreactive compounds add neither to the 
olefinic linkage nor to the carbonyl group in reasonable time. 

In order to gain a broad survey of the whole domain of organo¬ 
metallic compounds there ^)pear to be certain advantages to a prior 
consideration of a moderately reactive type, for not only do all moder¬ 
ately reactive compounds show the same general reactions, at different 
rates, but the higUy reactive compounds also show such reactions in 
addition to the special reaction mentioned with the ol^nic linkage. 

A moderately reactive RM type is the Grignard reagent. RMgX 
eompounds are, at this time, the m(»t important group of organometallic 
compounds, and a general knowtedge of their properties should provide 
« usefld basis for orientu)^ and correlating the ot^r types. 
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GRIGNAKD REAGENTS 

Historical. The first application of magnesium in sjmthetic organic 
chemistry was made by Barbier/ who in 1899 obtain^ dimethylhep- 
tenol from interaction of a mixture of methylheptenone, methyl iodide, 
and magnesium in ether. 

(CH,)sC=CHCHsCH 2 CCH, —(CHs)jC=CHCHjCHjC(CH,), 

li I 

O OMgl 

HiO 

- > (CH3)2C==CHCH2CH2C(CHj)2 

I 

OH 


Then, in 1900, his student, Grignard,® resolved this typical synthesis 
into two reactions; first, preparing the RMgX compound in ether solu¬ 
tion; and then treating the organomagnesium halide with a reactant. 
Grignard promptly realized the great possibilities of the reagent which 
later came to bear his name, and in a series of vigorously prosecuted 
studies he laid the foundations for much of our present knowledge of the 
reagent and its reactions. For his elegant work which provided organic 
chemists a most useful tool for .syntheses he was awarded a Nobel prize 
in 1912. 

Long years before Grignard made his discovery, Hallwachs and 
Schafarik® prepared an organomagnesium compound by heating ethyl 
iodide with magnesium. On the basis of their examination they con¬ 
cluded that their product cont^ed traces of diethyhnagnesium. 
Later, Fleck’” purposefully set out to prepare phenylmagnesium bromide 
(by the slow addition of bromine to diphenyhnagnesium in anhydrous 
ether) in accordance with the following reaction written by him. 

(C9H6)2Mg -I- Brj —» CeHsMgBr + CeHsBr 

However, because he obtained only bromobenzene and magnesium 
bromide he pictured the course of reaction as follows: 

(C»Hj)jMg -f- 2Br, -» 2 C 6 H 6 Br + MgBr, 

and concluded that a stable compound corresponding with the formula 
G q H fl MgBr was not formed. Subsequently, it was shown by others’* 

* BArbier, Comply 148, 110 (1®^)* 

‘GrignaitJ, iM., ISO, 1322 (1900). 

t and Sohafarik, Afiw., 109 , 206 (1859). 

’.(a) Fleck, A»»., *78. 129 (1893). (b) Gilmen and Brown, J. Am. Chem. Soc., S* 
1181 (1930). 
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that phenylmagnesium bromide was initially formed and that the 
unfortunate addition of bromine in excess destroyed the hrst organo- 
magnesium halide prepared in ether. 

Preparation. The Grignard reagent is readily and conveniently 
inepared in dry ether. Some RX compounds react slowly, but by 
appropriate catalytic devices it is possible to initiate and accelerate 
the reaction. The yields are highly satisfactory, and the more fre¬ 
quently used Grignard reagents are obtainable in about 90-95 per cent 
yield. The commonly used solvent, diethyl ether, may be replaced 
by other ethers or tertiary amines. The preparation can also be effected 
without a solvent. Fortunately, it is not necessary to isolate the 
reagent, and the manipulation is simplified by preparing the solution 
in a suitable container and then adding the reactant, a procedure which 
reminds one of diaaonium reactions. 

Occasionally the reagent is prepared indirectly by interaction of a 
Grignard reagent with an active or acidic hydrogen attached to carbon. 

CeHsC^H + CjHiMgBr -> CeHiC^CMgBr + CjH# 

Analysis. A sensitive, qualitative color test*® for the Grignard 
reagent and other moderately reactive as well as for the highly reactive 
organometallic compounds is readily carried out by means of Michler’s 
ketone (p,p'-tetramethyldiaminobenzophenone). One-half to one cubic 
centimeter of the organometallic solution is added to an equal volume 
of a 1 per cent solution of Michler’s ketone in dry benzene; the reaction 
product is then hydrolyzed by the slow addition of 1 cc. of water; and, 
finally, the addition of several drops of a 0.2 per cent solution of iodine in 
glacial acetic acid develops a characteristic greenish-blue color. With 
phenylmagnesium bromide, as an illustration, the product is malachite 
green. 

[p-(CH,)*NC«H4]jC-0 + C»H»MgBr I>-(CH,)^C6H4]8CCeHi 

_ Ah 

(CH,),n/ Y ^' 

With radicals other than phenyl attached to the metal, the coIcm* is due 
tpi • related di- or triphenyhnethane dye. 

and Sdiulze, J, Am. Chxm. Soe^ 47, 2002 (1026). (6) Oam«n wd SwiM, 
1447 (1040). (c) Gilniaa and Ysblunkr. ibid., 48, 830 (1941). 
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Inasmuch as the color test is directly associated with a compound 
having a carbon-metal linkage and not with compK>unds having a metal 
attached to an element other than carbon, the test is useful for de¬ 
termining when a reaction is complete, for if the organometallic com¬ 
pound be not used in excess the product in the reaction mixture will not 
have a carbon-metal linkage and hence will not give a color test. Some 
add chlorides and pyrrole interfere with the Michler’s ketone test or 
color test I. There are two other color tests. One of these,®* color test 
II (p. 525), differentiates between Grignard reagents and organolithium 
compounds; the other,*' color test III (p. 564), is given by reactive 
aryZmetallic compounds, but not by alkylmetallic compounds. 

A simple procedure for the quantitative estimation of reactive and 
moderately reactive organometallic compounds is to hydrolyze an aliquot 
and titrate the basic compound formed with a standard acid.*® 

RMgX + HjO KB + Mg(OH)X 
Mg(OH)X + HX -♦ MgXj -t- H2O 

Physical Properties. The RMgX compounds are colorless solids 
which do not melt but decompose at elevated temperatures, first under¬ 
going, in all probability, the following transformation, which may be 
general for all mi.xed organometallic compounds: 

2 CH 3 MgCl (CHsl^Mg + MgCl* 

It is pos.sible to ether-distil alkylmagnesium halides, but inasmuch as 
the RjMg and the MgX 2 compounds can also be ether-distiUed sep¬ 
arately there is no definite evidence that the RMgX found in the dis¬ 
tillate comes over as such.** 

The dialkylmagnesium compounds are colorless crystals which can 
be sublimed under greatly reduced pr^ures, dimethylmagnesium being 
most volatile. Under such conditions it is posable to obtain pure 
dimethylmagnesium from methylmagnesium chloride.*' The thermal 
decomposition of methylmagnesium iodide occurs at 240®. 

Chemical Properties. Inasmuch as the following equilibrium is 
characteristic of Grignard reagents, it Is clear that such reagents are 
really mixtures and that Grignard reactions are reactions of RMgX, 
RaMg, and MgX 2 compounds. 

2RMgX RjMg + MgX, 

• (o) Gilman, Wilkinson, Fishel, and Meyers, ibid., 46, 150 (1923); Houben, Boedler, 
and Fiaoher, B«t., 69 , 1706 (1936). (6) Gilman and Brown, J. 4jo. Chan. Soc., N, 4480 
(1930). (e) Gilman and Brown, Bee. trot, cfcim,, 48, 1133 (1926). 

(o) Jolibois, Compt, rend., 156, 712 (1913). (6) Coleman, GSmaa, Adams, and Pratt 
J. Org. Chem., 3, 99 (1988). 
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HoiR'«ver, RMgX and R 2 Mg compoimids show the same reactions, almost 
witliout exception, and differ essentially only in rates of reaction. 

'Die Grignard reagents almost invariably react as R and MgX units. 
In addition reactions to an unsaturated linkage, the R attaches itself to 
the relatively less acidic element and the MgX to the relatively more 
addle element. 


R 


C==0' 
0 = 8 * 
8=0 - 
N=0 
CsN 


MgX 


When the unsaturated linkage is made up of the same elements there 
are only two important tjrpes to consider. One of these is the olefinic 
or acetylenic linkage to which Grignard reagents do not add, or do not 
add at an appreciable rate. The other is the azo linkage, and here two 
MgX groups add, the R groups then undergoing coupling to R—R 
compounds and disproportionation to R(+H) and R(—H) compounds 
(see p. 511 for a different course of reaction between azobenzene and 
more reactive RM compounds). 

CeH4N=NCeH» + 2RMgX C»HsN-NCdls + 2R— 

IVIgX lilgX 

'With compoimds like isocyanides, the Grignard reagent adds to some 
extent to the terminal unsaturated carbon. 

RN=C + RTklgX -► RN==c/ 

^MgX 

A related reaction occurs with some aliphatic diazo compoimds.*®* 

R^ 

R,CN, + R'MgX -» R^N—n/ 

^MgX 

In reactions not involving addition to unsaturated linkages the same 
generalizations hold. That is, the R attaches itself to the relatively 
less acidic element and the MgX to the relatively more acidic element. 

C|R,0C,H» + RMgX -4 CrsHsOMgX + RC,H, 

That portion of the R groups which does not combine with an element 
in euch cleavage and related reactions couples or disproportionates. 
CUttvage by Hydrogen, Active Hydrogen Compounds, and Halogens. 
reagents can be deaved by hydrogen under standard hydro- 
procedures. 

; 2RM^ + aH, 2RH + MgH* + MgXi 

ti ^ 

Ana., 4M, 37 (1937) for tW formation of (qrelio nilfldeB from tyok»> 
roasBltt. Alao, mb p. 503 of tUs ehapter for tlie naotion with 
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This reaction is shown by other organometallic compounds and pro* 
ceeds most readily with the most reactive RM types.^" Actually, 
phenylpotassium, for example, undergoes reaction by merely bubbling 
hydrogen into a petroleum ether suspension at room temperature, 
atmospheric pressure, and without a catalyst. 

CjH&K + Hj CeH, + KH 

Compounds which contain hydrogen attached to any element but 
carbon (and in some special cases when attached to carbon) cleave 
Grignard reagents in such a manner that the R group of RMgX com¬ 
bines with the active hydrogen. 

CaHsMgBr + CjHjOH C.H. + CiHsOMgBr 

The noteworthy types which contain an active hydrogen attached 
to carbon are the true acetylenes (having the —C^CH linkage), and 
the indene and fluorene types which have hydrogen attached to a 
carbon (indicated by an asterisk) holding two strongly negative groups. 



H 


Diphenylmethane, having a carbon attached to two phenyl groups 
which are not bridged, has no active hydrogen as far as the Grignard 
reagent is concerned, but the hydrogens attached to the lateral carbon 
in diphenylmethane are acidic to other, more reactive organometallic 
compounds. The lateral hydrogen in triphenylmethane appears to be 
very weakly acidic, as judged by its slow replacement by—MgX when 
treated with a Grignard reagent. 

The vigorous destruction of Grignard reagents by active hydrogen 
attached to elements other than carbon emphasizes the necessity of 
excluding moisture from reagents and apparatus. The cleavage of 
RMgX compounds by active hydrogens can, however, be a most useful 
analytical reaction for two purposes. First, the concentration of low- 

n (a) Zartman and Adldoe, J. Am. Ckem. Soe., M, 33S8 (J932); BuidicV and Adkins 
ibid; M, 438 (1934). (b) Oilman, Jaooby, and Ludeman, ibid., W, 2336 (1938). 
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molecular-TPeigbt Grignard solutioits can be detennined with precision 
by adding an excess of water and measuring the volume of gas evolved. 
Also, of course, the acsid'titration method of quantitative analysis of 
RMgX compounds depends on prior cleavage or hydrolysis. Second, 
the presence of active hydrogen and the number of active hydrogens in a 
molecule is readily determined by the widely used Tschugaeff-Zerewitin- 
oEf “ analysis which consists essentially in adding an excess of methyl- 
magnesium iodide to a sample of the compound to be analyzed and 
measuring the volume of methane evolved. 

CHgMgl + R»NH CH 4 + RjNMgl 


Halogens cleave RMgX compounds as follows: 

2RMgX + 21, -► 2RI -I- 2MgXI 


The 2MgXI probably disproportionates to MgX 2 -f- Mgl^. The 
reaction with iodine, in particular, goes quite smoothly, and has been 
recommended for the quantitative analysis of Grignard reagents. 
However, it is less accurate and not so widely applicable as the acid- 
titration method of analysis.” As might have been expected, cyanogen 
and the halogen-cyanogens behave in a similar manner, but the un- 
symmetrical halogen-cyanogens can cleave RMgX compoimds in two 
vaya. 


RMgX + NC—CN 
RMgX -f- Cl—CN 



RCN + MgX(CN) 
RCN + MgXCl 
RCl -f MgX(CN) 


Addition to Unscdurated Linkages (p. 646). The most widely used 
synthetic reaction of Grignard reagents involves 1,2-addition to an 
unsymmetrical double or triple bond. With a simple carbonyl group, 
alcohols are formed: formaldehyde gives a primary alcohol; other alde¬ 
hydes a secondary alcohol; and ketones a tertiary alcohol. 

R^OO + R'MgX -» RjR'COH 

The color test I with Michler’s ketone depends on the intermediate 
formation of a tertiary alcohol. 

Esters (other than those of formic acid, which yield secondary 
alcohols) also ^ve tertiary alcohols, but sometimes it is possible to 
arrest the reaction partly at the ketone stage. 

** Zerraitinoff, Str., M. 2003 (1907). See, also. TechugfMff, B«r., SB, 3912 (1902) : 
.tiibbmt end Sudborouah, L Ckm- Sqe., W, 933 (1004); and, partioulMly. KoUer, Stone, 
■adFuaon, J. Am. Chem. Soe., 48, 3181 (1927). 

Reicli, PuS. SS, 1414 (1923); Odmea and Meyera, Rte. tree. lAim., 
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In general, acids and their common derivatives hke acid anhydrides, 
salts, acid amides, and acid halides give ketones and tertiary alcohols. 
The reaction with acid halides is of more than ordinary interest because 
of its bearing on the mechanism of reaction of Grignard reagents with 
acid derivatives and because acid chlorides react with a large variety of 
organometallic types. 

In ketone formation from acid chlorides either direct replacement of 
chlorine by R or prior addition to the carbonyl linkage is possible. 


< CeH6COR + MgXCI 
R 

CeHsioMgX -> CeHsCOR + MgXCl 


Although there is no definite answer to the question at present, it 
appears on the basis of studies by Entemann and Johnson'* that 
reaction takes place first by addition to the carbonyl group. These 
authors carried out a series of competitive reactions in which one 
equivalent of phenylmagnesium bromide was added to a solution con¬ 
taining one equivalent of each of two reactants. An examination of the 
products revealed the extent of each reaction. For example, from a 
reaction between phenylmagnesium bromide and a mixture of benzo- 
phenone and benzonitrile there was recovered 98 per cent of benzo- 
nitrile and no benzophenone. Accordingly, the carbonyl group in 
benzophenone-is much more reactive than the nitrile group in benzo¬ 
nitrile. On this basis the relative reactivities of some functional 
groups are; 

—CHO > —COCHs > —NCO > —COF > —COCbHs, 

—COCl, —COBr > —COjCjHs > —C^N 

If the reaction between acid halides and the Grignard reagent pro¬ 
ceeded by direct replacement, one would expect the acid fluoride to be 
the least reactive of the three acid halides, for studies of other halides 
show rather consistently that the order of decreasing reactivity of halo¬ 
gens in carbon-halogen linkages is: C-Br, C-Cl, C-F. However, because 
the acid fluoride was actually found to be the most reactive acid halide 
it appears reasonable to conclude that the mechanism do^ not involve 
a metathetical reaction, but addition to the carbonyl group. 

Prior addition to the carbonyl linkage of acid halides may not be 
true of all RM compounds. For example, some of the unieactive 

and Johnaon, *F ■ Aw, Ch0n, Wi 2900 (19^). 
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organometallic compoundB will react readily with acid chlorides to 
give ketones, but react extremely slowly or not at all with an aldehyde 
like benaaldehyde. In any event there appears to be another series of 
relative reactivities of acid halides with the less reactive RM compounds. 
This finds support in the reaction between benzoyl halides and di-p- 
tolylmercury. 

C«H»COX + (p-CH,C«H«)iHg -» C.H,COC«H4CHrP + p-CHjCeHiHgX 

Under comparable conditions, the yield of phenyl p-tolyl ketone pro¬ 
gressively decreases in the order: —COI, —COBr, —COCl, —COF. 
Likewise, the yield of benzophenone from phenylzinc chloride and those 
of the benzoyl halides examined decreases in the order: —COI, —COBr, 
—COCl. Even with a moderately reactive type like organoaluminum 
compounds, benzoyl iodide is slightly more reactive than benzoyl 
chloride. 

This does not necessarily exclude the possibility of prior addition 
to the carbonyl group, in acid halides, which may have been activated by 
halogen. The highly reactive carbonyl group in ketene adds phenyl- 
mercuric bromide to give acetophenone’® (p. 550). Finally, even 
though addition does not occur at the carbonyl group, the initial coordi¬ 
nation complex may involve the carbonyl group. 

An imusually comprehensive series of studies has been carried out by 
Whitmore and co-workers on the t 3 T)es of reaction, particularly 
reduction, between branched-chain acid halides and branched-chmn 
Grignard reagents. The following reactions are illustrative of the effects 
of pronounced branching. 

(CH;,)*CCOCl + <CH,)/IMgCl-> (CH,),CCHO + MgCl, 

HOH 

(CHslsCCHO -f- (CH 3 )jCMgCl-> (CHjIjCCHjOH + C 4 Hg 

The mechanism of reaction between esters and RMgX compounds 
to ^ve tertiary alcohols is also not clear. Grignard interpreted 
the reaction as involving three stages, the first being addition to the 
carbonyl group. 

RCOOC,H» 4- R'MgX RCR'(OMgX)OCiHj (4) 

RCR'(OMgX)OCjH, -h R'MgX -♦ RCR'd)MgX -b C,H»OMgX (6) 

RCR'tOMgX + HOH -► RCR'd)H + MgX(OH) (6) 

Oihn«n, Woolley, and Wrisht, Hrid., M. 2609 (1933); Chute, Orebetd, and Wright, 
Cker^., 6, 1«7 (1941). 

^ tu) Whitmore and ro-worlcfn*, J, Am. Chtm. Soe., 9t, 643 (1941). (b) Odgnard, 
rmtdn &3Z, 336 (1901); Ann. eMm. M, 433 (1001). 
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An alternative mechanism involves the intermediate formation of a 
ketone which then reacts with the RMgX compound to give the tertiary 
alcohol. 

RCOOCaHs + R'MgX RCOR' + CsHjOMgX (7) 

Ketones have been isolated from such reactions, and Boyd and Hatt 
carried out experiments to establish the transitory existence of ketones. 
These authors showed that, when esters are treated with Grignard 
reagents in the presence of an excess of magnesium, pinacols are among 
the reaction products. The pinacols are known to form in ether solu¬ 
tion by interaction of a ketone and the binary system (MgXa -f- Mg).^* 
The necessary MgX 2 is present in all Grignard preparations and is also 
available from the following equilibrium which appears to hold for 
compounds having —MgX attached not only to carbon but also to 
other elements like nitrogen, oxygen, and sulfur. 

2ROMgX ^ (ROliiMg -f- MgXi 

The' formation of pinacol by the following sequence of reactions may 
then be interpreted as offering support for the existence of a ketone as 
an intermediate. 

Mg + MgXj ^ 2—MgX R2C==0 + —MgX -»• RjCOMgX 

RsCOMgX R*COMgX RjCOH * 

RjC^OMgX RzCOMgX RjCOH 

If it be granted that ketones are formed as intermediates, there 
remains the question whether they are formed from the ester by prior 
addition to the carbonyl linkage in accordance with reaction 4 of Grig¬ 
nard, followed by elimination of CaHsOMgX; or by the direct replace¬ 
ment of the ethoxy (or RO—) group by R' of the R'MgX compound 
(reaction 7). Boyd and Hatt suggest the initial formation of a mag¬ 
nesium complex, the ketone being formed by the ready loss of ethoxy- 
magnesium halide. 

On other grounds, Morton and Peakes'* prefer the mechanism of 
Grignard because if ketones are intermediates one might expect to get 
better yields of tertiary alcohol from the ketone than from the ester, 
but such an expectation was not realized from thdr experiments. 

IT 3oyd Mid Hftttt C/wrw. Soc-, 8^8 (1927). 

OomberSE and Bachmann» J* Am, Ckem, iSoo.* 49, 236 (1927). 

Morton and Peakes, ibid-* 96, 2110 (1933). 
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They obtuned a distincUy better yield of 2,4,6-tribromotriphenyl- 


2.4.6- C^sBr8CO(X3H,1 

2.4.6- C6H*Br*COC6H, P 


(2,4,6-C6HsBr3) (C«H,),COH 


carbinol from methyl 2,4,6-tribromobenzoate than from 2,4,0-tribromo- 
benzophenone. 

Whatever the mechanism of reaction, there is preliminary addition 
of some kind (possibly to give oxonium compounds), for in some cases 
the initial complex formed from ester and Grignard resigent regenerates 
the ester on treatment with water (p. 556). 

The series of relative teactivities of some typical functional groups 
is very useful. First, it suggests possible combinations of functional 
groups in a polyfunctional type wherein preferential reactions with one 
group or another might be realized; and, second, the series w broadly 
applicable to other moderately reactive organometallic tj'pes which have 
been investigated. 

Cyanides give ketimines from which ketones are formed in the 
customary hydrolysis which concludes a Grignard reaction. 

/-+RR'C=NH 

RCN + R'MgX RR'C=NMgX—< 

^->RR'C=0 + NHa + Mg(OH)X 

Azomethylene compounds like benzalaniline give secondary amines. 


RMgX HOH 

C»H6CH=NC6H5-^ C^Is-CH—NC»Hs-> CftHjCHNCisHs 


R MgX 


R 


A 


ileaction with the nitrosyl group attached to carbon as in nitroso- 
benzeae is somewhat complex, but it appears that the chief course of 
reaction with phenylmagnesium bromide is the following: 

ZCea^MgSr 

CgHsN-=0 + C«H»MgBr (C*Ht),NOMgBr-> 

(C»H*),NMgBr + + (MgBr),0 

the bromomagnesium diphenylamine giving diphenylamine on hydrolysis. 

With a nitro compound like nitrobenzene, the complex reaction 
appears to proceed largely as follows; 

CeHsNO* + 4C#H»MgBr (CJH»)*NH + C«H»—CeH» + C«H»OH 

It is to be noted here that part of the phenylmagnesium bromide is 
ooddized to phenol, and the (^emihiminesoenoe which accompanies 
this reaction is imdoubtedly due to such oxidation. The formation of 

I *> (a) Ohman and MoCradwn, ibid., n, 821 (1920). (b) Qilman, Kirby, aod Einney, 
81,2^2 (1929). 
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diph^ylamine and biphenyl in both the nitrosobenzene and nitrobenzene 
reactions suggests that nitrosobenzene is an intermediate in the nitro¬ 
benzene reaction. 

CeHiNOj + CeHsMgBr C«HsNO + CeHjOMgBr 

When alkylmagnesium halides are used, tetrasubstituted hydrazines 
are among the reaction products: for example, ethyhnagnesium 
bromide and nitrobenzene give l,2-diphenyl-l,2-diethylhydrazine 
(CeHs) (C2Hs)NN(CaH6) (CeHs). 

Compwjunds having two unsaturated linkages may be classified as 
(1) terminal or non-terminal cumulated unsaturated systems; (2) con¬ 
jugated systems; and (3) systems having the unsaturated linkages 
separated by one or more carbon atoms. Systems having terminal 
cumulated unsaturation comprise types like ketenes (R 2 C==C== 0 ), iso¬ 
cyanates (RN=C=0), isothiocyanates (RN=C=S), and thionylamines 
(RN==S==0). In such systems, addition takes place predominantly, 
if not exclusively, under moderate conditions, to the terminal un¬ 
saturated linkage-^®* 

C«H»N»=C=0 4- RMgX C«HiiN=C-OMgBr 

R 


HOH 


C«HsN=C—OH 

I 


Kearr. 


C^6NHC=0 

I 

R 

The reaction with isocyanates proceeds smoothly, and phenyl and a- 
naphthyl isocyanates are among the reagents used to characterize 
RMgX compounds.®’ 

Non-terminal cumulated unsaturated systems, like RN=C=NR, 
generally give the reactions one would expect of the isolated simple 
unsaturated linkages. The very simple cumulated unsaturated linkages 
in compounds like carbon dioxide, carbon disulfide, and sulfur dioxide 
usually add but one molecule of Grignard reagent. 


RMgX-t-C=0 

i 


HOH 

RC—OMgX-> RC—OH 


I 


o 


RMgX -h 0=8 -4 RC—SH 


RMgX + S=0 RS-OH 

i i 


Scb-mri* and Johnson, Md., S3, 1063 (1931); Gilman and Funy, t&id. SO, 1214 
(1928). 
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The carhoQ dioxide reaction or carbonation hae been widely used both 
for the pr^aratitm of carboxylic adds and for the characterization 
of many organometallic compounds. In order to reduce secondary 
reactions leading to the formation of ketones and tertiary alcohols it is 
desirable to cool the mixture or to have the carbon dioxide in excess 
by spraying the Grignard reagent into an atmosphere of carbon dioxide. 
A simple procedure that provides cooling and an excess of carbon dioxide 
te to pour the Grignard reagent upon solid carbon dioxide. 

Conjugated systems can undergo 1,2- or l,4-ad(lition, depending on 
the particular system and the Grignard reagent. The factors affecting 
1,2- and 1,4-additions to conjugated systems are considered on p. 673. 
Grignard reagents have the imusual property of unlocking a conjugated 
system which is in part lateral and in part nuclear. With benzo- 
phenone-anil, for example, addition does not take place at the lateral 
C=N— group; instead 1,4-addition occurs as follows: 


MgBr 



and o-phenylbenzohydrylaniline results. It is possible that steric 
factors are partly responsible for the 1,4-addition, inasmuch as it was 
previoxisly shown that benzalaniline, C6HsCH==NC6H6, underwent 
lateral l,2^dition to the >C**“N— linkage. The peculiar addition of 
RMgX compound to a lateral-nuclear system is shown by some other 
compounds having such a system: for example, the addition of phenyl- 
IS&gDesium bromide to a highly phenylated unsaturated ketone, 

«* &nd Xygaard. Hrid., «, 4128 (19S0). 
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(C#H»)sC>=CI-C—^ \ + C»HtMgBr- 


H H 

(C«H5)jC==C-C=C^ V-H 

T I \ 

C»H6 oh g— c 

\h \h 

CeHs 


and to benzalquinaldine which has a lateral ethylenic linkage and a 
nuclear N==C linkage 


, CjHjMsBr 

N^Cn=CHC,H4 -> 


HOH 


With systems having two unsaturated linkages separated by one or 
more carbon atoms, the normal 1,2-additions take place as in simple 
systems, and if there be an ethylenic or acetylenic linkage in such 
systems there is no 1,2-addition to these particular linkages. 1,6- 
Addition is uncommon (p. 696). 

Reaction with Oxygen and Sulfur. The reaction with oxygen and 
sulfur may be considered as addition of the Grignard reagent to these 
elements. 

HOH 

RMgX + Oj -► ROMgX-)■ ROH 

HOH 

RMgX + S RSMgX -> RSH 


It is interesting that, whereas oxidation of alkylmagnesium halides 
gives high yields of alcohols, the oxidation of arylmagnesium halides 
gives low yields of phenols. The unsatisfactory yields of phenols are 
undoubtedly associated with a secondary reaction of the Grignard 
reagent with ether peroxides formed from oxygen and diethyl ether.**® 
There is no satisfactory explanation for the significant differences 
between the alkyl and aiyl Grignard reagents on oxidation. 

Inasmuch as the oxidation proceeds quite rapidly it is essential 
to exclude air in Grignard reactions which proceed slowly.*** This is 
done conveniently by operating in an inert atmosphere like nitrogen. 

*• Hoffman, Farlow, and Fuson, tbid., ##, 2000 (1933). (See, alao, Alloa and Over- 
bauitfi, ibid., 87. 1322 (1935), and Chatrier and Ghigi, Ber., 69. 2211 (1936). 

** (o) Wuyts, Compt. rend., 1*8, 930 (1909); Porter and Steel, J. Am. Chem. Soe., 49, 
2880 (1920); Gilman and Wood, ibid., *8, 806 (1926); Mflller and TBpet, Ber., 79, 273 
(1939). (b) Goebel and Marvel, J, An, Chem, Soe., 68 , 1693 (1938). 
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OxidaticHi of RMgX compounds by oxygen, peroxides, or many 
nitro compounds is accompanied by lumineecence. In general, the 
chemiluminescence is greatest with arylmagnesium halides, and par¬ 
ticularly with p-chlorophenylmagnesium bromide. 

It is probable that the Grignard reagent is peroxidized initially. 
With sulfur there are formed not only mercaptans or thiophenols, in 
good yields, but also sulfides and pols^lfides. Selenium and tellurium 
behave, in general, like sulfur. 

Reaction with Inorganic Esters. With the exception of alkyl esters 
of sulfonic acids, esters of oxygen acids react essentially by replacing 
an —OR group of the ester by the R group of the Grignard reagent. 

B(OR)!, + R'MgX R'B(OR)i, R'sBfOR), R'sB + ROMgX 

The reaction between alkyl halides and the Grignard reagent has 
been studied widely. The following replacement or coupling reaction 

RX 4- R'MgX R—R' + MgXj 

is confined largely to those alkyl halides ha\'ing a highly reactive halogen. 
With allyl halide types the reaction is useful for the preparation of some 
unsaturated compounds. 

RMgX + BrCH,CH=CH» RCH*CH-=CHa 
RMgX + BrCH,CBr=CH, RCH*CBr=CH, 

In the preparation of allylmagnesium bromide it is obviously necessary 
to avoid a local excess of allyl bromide, for otherwise the initially 
formed allylmagnesium bromide would react to give diallyl. 

CH*=CHCHjMgBr + BrCHjCH=CH 2 -> CH*==CHCH 2 CH 2 CH=CH 2 

The slow addition of a dilute solution of allyl bromide to a large excess 
of fine magnesium makes it possible to prepare allylmagnesium bromide 
in 95 per cent yields. The fact that such special precautions to avoid an 
excess of RX compound are generally unnecessary in the preparation 
of RMgX compounds indicates that the coupling reaction is highly 
subordinated under moderate conditions. With organometallic com¬ 
pounds more reactive than Grignard reagents the coupling reaction may 
become the chief reaction, and this accounts for the Wurtz-Fittig reaction 
tudien RX compounds are treated with sodium or potassium. In such 
cases, as will be motioned later in the organoalkali section, the ex- 
tzemely reactive organoalkali compounds couple readily with RX 
tgUQpounds having only a moderately reactive halogen. 

coupling reaction is not a mmple union of the R of the alkyl 
hflikie i«itb the R' the Grignard reagent. Actually, three coupling 

* 



OEGANOMETALLIC COMPOUNDS 


509 


products are formed (R—R', R—R, and R'—R'), for example, in the 
reaction between benzyl halides and methylmagnesium iodide.** 

CsHsCHsX + CHaMgl -» CaHaCHjCH,^ MglX 

2C6HtCH2X + 2CH3MgI — CH 3 CH 3 + CeHsCHjCHiiCeHs + 2MgIX 

The isolation of three coupling products suggests that free radicals, 
benzyl and methyl, are formed initially and then couple in the three 
possible combinations. However, the concept of free radicals to account 
for coupling to R—R' compound appears unnecessary. What may 
happen is the formation of a coordination compound which is the first 
stage of all Grignard reactions** (p. 556). 


R 0(C4H3)j 
\ 


Mg 

\ 

R'—X X 


Then the mobile electron shell surrounding the magnesium would pro¬ 
vide for a sufficient approach of the R and R' ions to make unneces¬ 
sary the postulate of intermediate free radicals or free ions** (p. 1863). 

The reaction between alkyl sulfonates and the Grignard reagent is 
unusual in several respects. The overall reaction between dimethyl 
sulfate and aryl Grignard reagents 

2(CH,)3S04 + RMgX RCHg + CHjX -f- (CHaOSOjOljMg 

provides no mechanism for the several products.** The methyl halide 
must derive in considerable part from the following reaction, which is 
known to occur quite smoothly. 

2 (CH 3 ) 3 S 04 -I- MgXs 2 CH 5 X -t- (CHa0SO2O)sMg 

When one mole of dimethyl sulfate (and not the two moles required for 
complete reaction) is heated with one mole of an RMgX solution, some 
of the Grignard reagent is, of course, recovered. This recovered Grignard 
reagent was shown by analysis to contain much more basic magnesium 
than halogen, which establishes the removal of part of the magnesium 

“Spath, Monatah., S4, 1966 (1913); Fusob, J. Am. Chem, Soo., 48, 2681 (1926); 
EUingboe and Fuaon, ibid., 68, 2960 (1933), 

« Hess and Rhoinboldt, Ber., 84, 2043 (1921); Meisenhramer, Arm., 448, 180 (1925); 
Oilman and Jonas, J. Am. Chem. Soc., ^8, 1343 (1940); 63, 1162 (1941). 

CarothoTB and Berohet, J . Am. Chem. Soc., 88, 2807 (1933); Jtdmaoa, Md., 88, 
3029 (1933). 

•»(a) Cope, ibid., 84, 1678 (1934). (5) Suter and Gerhart, ihid., 67,107 (1936); Ros- 
lander and Marvel, ibid., 80 , 1491 (1928); Gilman and Heck, ibid., 80, 2223 (1928). 
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halide from, the equilibrium: 2RMgX ?=i R 2 Mg + MgX 2 . Further¬ 
more, the formation of an appreciable quantity of CH 80 S 020 MgR 
(a modified Grignard reagent) shows that reaction with RMgX pro¬ 
ceeds by cleavage as RMg-X, and not as R-MgX as is generally true 
in Grignard reactions. 

(CH,),S04 + RMgX -»■ CHsX + CH,OSO,OMgR 

This finds additional support in the preparation of the organomagnesium 
methyl sulfate by interaction of dimethyl sulfate with R^Mg com¬ 
pounds. 

(CH,)»S04 + RsMg ^ RCH» + CHsOSOsOMgR 

Accordingly, there is direct experimental evidence for reaction of 
dimethyl sulfate with magnesium halide and R 2 Mg compound, and 
indirect analytical evidence for reaction with RMgX.“®“ In short, 
each component of the Grignard equilibrium reacts with dimethyl sul¬ 
fate. The reaction rates vary, however, and the methyl halide is 
produced largely from the rapid reaction with magnesium halide. 
Finally, it is interesting to note tiiat the RMgX compound reacts 
differently from the R^Mg compound. 

Reaction with Metals and Inorganic Salts. Grignard reagents react 
with those metals which generally form more reactive organometallic 
compounds. 

RMgX + Li RLi RMgX + Na -> RNa 

However, the RMgX compounds give other organometallic com¬ 
pounds with those inorganic salts, generally the halides, which form less 
reactive organometallic compounds. 

RMgX + ZnClj —> RZnX RMgX -j- BeCI* —> R*Be 

The organometallic product is not always isolated, for sometimes it is 
quite unstable thermally and gives rise to coupling products in a trans¬ 
formation which is of value in synthesis. 

2RMgX + CujClj 2RCu R—R + 20u 

Halides of non-metals and of metalloids also generally undergo 
{placement of halogen by R of the RMgX compound. 

RMgX + PCI. -» RPXj, RtPX, R,P 
RMgX AsCl. —^ RAsXj, R^AsX, R.A8 

Ita .elBoeaB of Gr^naid r»«ent gives the simple compounds (RbP and 



ORGANOMETALLIC COMPOUNjJS 


511 


Secondary Reactions. Secondary reactions take place, in widely 
varying degrees, like most organic transformations. The kind and extent 
of the secondary reactions are influenced by the reactant, the par¬ 
ticular Qrignard reagent used, and the experimental conditions. In 
many cases it is possible to affect significantly the rate of various con¬ 
current or consecutive reactions so that one or another of several 
reaction courses is made to predominate or to be exclusive. The effect 
of various factors in the most widely studied reaction of carbonyl com¬ 
pounds with Grignard reagents is strikingly illustrated on p. 646. 
Also, the effect of the kind of RMgX compound on 1,2- and 1,4-addition 
to conjugated systems is given on p. 673. 

Varying reaction rates are particularly evident with different tyjjes 
of RM compounds. This is to be expected, for the differences in reac¬ 
tivity of RM compounds having different metals exceed the differences 
in reactivity of a series of RMgX compounds having different R and 
X groups. For example, benzalacetophenone can undergo 1,2- or 1,4- 
addition. 

HOH 

CJI,CH==CHCX:ai.-fCJI^- > C»H.CH=CHC(CJI,). 

I> ■ i)H 

CJl,CH=CHCC6Hi-t-CJl6M' - (C,H,)iCHCH=CC.H. - (C,HO«CHCH,CC.H, 

A a 

Tabic I illustrates the effect of various CeHsM compounds on the 
extent of 1,2- and l,4-additions.-*“ 

TABLE I 


RM 

% l,IB~Additum 

% 1,4-Addition 

(CeHslsBe 

. . 

90 

(CtHbliZn 

• . 

91 

(COIsIjAI 

. , 

94 

CtHsMnI 

. . 

77 

CeHtMgBr 


94 

CoHbU 

69 

13 

CsHsNa 

39 

3.5 

CaHtCal 

45 

.... 

CtH^K 

52 

.... 


Azobenzene reacts in three general ways with CaHsM compounds 
reduction to aniline; less extensive reduction to hydrazobenzene (reac¬ 
tion 1); and addition to give triphenylhydrazine (reaction 2). 

” (a) Oilman and Kirby, Aid., U, 2046 (1941). (b) Gilman and Bahie./. Ore. CA«in. 
B, 84 (1937). 
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C.HjN=NC,^s + 2C«HsM 
CeH6N““NC6H5 -t- CtH^M 


HOH 


+ CeH^—N—N—CeHc + CeHsCgHs 

ii A 


HOH 


-» C«Hs—N-^N—C,H» 

1 ^ 

CJIj 


(1) 

( 2 ) 


Table II lists the chief products obtained from azobenzene and some 
CgHsM compounds. 

TABLE II 


RM 

Product 

(C6HB)22n 

Aniline 

C«H&MnI 

Aniline 

(CbHbIjBc 

Hydrazobenzene 

C.HBMgBr 

Hydrazobenzene 

CsH&Li 

Hydrazobenzene 

C«H5Na 

Hydrazobenzene 

CsHsCal 

Triphenylhydrazine 

C«HiK 

Triphenylhydrazine 


Mention has been made of the participation of all three components 
of a Grignard mixture (RMgX, RaMg, and MgX 2 ) in the reaction with 
alkyl sulfonates. Another illustration of a side reaction of magnesium 
halide is the ring contraction observed with some alicyclic oxides. 

Ethylene oxide is a useful reagent for introducing the jS-hydroxy- 
ethyl group. 

CHrv CHiOMgBr 

11 >0 + CgHtMgBr -*1 CtHtCHjCHjOH 

CH/ CHjCJHs 


However, anomalous reactions take place in the reaction with some 
aUcycUc oxides. Thus, the alcohol obtained from cyclohexene oxide 
and methylmagnesium iodide was supposed to be as-2-methylcyclo- 
hexanol 


CHj 

/\ /H 

HiC C< 

1 1 > 

HjC Ckf 

Yn 


+ CH,MgI 


CH» 

/\ 


H,C CHOH 


H,C CHCH, 



RRtjd It was shown to be tudike the two isotnme 2-cyclQhexanols sub- 
prepared by the reduction of o>eresol. The aaouMdous 
Ongnenl reaction found an explanation in tiie observations that EMgX 
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compounds react with oxides and chlorohydrins of the cycloparaffin 
series to give ring contraction.*”® The supposed m-2-methylcyclo- 
hexanol was in reality methylcyclopentylcarbinol, which results from 
the following sequential reactions: 


CH, 


CH, 


/H 

/\ 

H,C C< 

1 1 

>0 -1- MgX, 

HjC CHX 

1 1 

HiC C< 


H,C CHOMgX 

\/ 

'^H 

\/ 

CH, 


CH, 


HOH 


CH, 

HjC CHX 


HjC CHOH 

\/ 

CH2 


HjC- 


Heat 


HsC 


\/ 

CHj 


-CH, 

I 

CH—CHO 


HsC- 


CHjMgl 


> H*C 


\/ 

CH» 


-CHj 

I H 

CH—C—OH 


CH, 


The primary product of reaction between cyclohexene oxide and a 
Grignard reagent is the halohydrin derivative, which gives the smaller 
ring when strongly heated. Cyclopentanealdehyde is actually obtained 
by heating cyclohexene oxide with magnesium bromide in dry ether.*”* 

On such a basis one might expect the halogen-free organomagnesium 
compound to add “normally” to cyclohexene oxide. The expectation 
is correct, for dimethylmagnesium and diethylmagnesium give 2- 
methylcyclohexanol and 2-ethylcyclohexano], respectively.*®® 

However, the problem is not rimple, and the absence of magnesium 
halide is no necessary condition for the avoidance of ring contraction. 
For example, cyclohexene oxide and benzylmagnesium chloride give 
2 -benzylcyelohexanol.*”** This somewhat unexpected result cannot 

^ (a) Qodchot and Cauquil, Compt. rend., IM, 376, 055 (1028); Vavon and Mitoho- 
vitch, ibid., 196, 702 (1928). (b) Bedoa, tbid.. 189, 255 (1929) ; TiSeneau, BuU. toe. chim., 
S, 1842 (1936). (c) Bartlett and Berry, J. Am. Chem. Soc., 86, 2683 (1934); Norton and 
TT..M. , ibid., 68, 2147 (1936); Cottle and PoweU, ibid., 58, 2267 (1936). (d) (3ook, Hewett, 
and Lawrence, J. Chem. Soc., 71 (1936). For other reaotiona of oxidoe and RM oompounde, 
■ee Wooeter, Segoid, and Allan, J. Am. Chem. Soc., 60, 1606 (1938), and Huaton and 
A«ett, J. Org. Chem., 6,123 (1941). (e) Dean and Wolf, J. Am. Chem. S6e., 68,332 (1936). 
(/) Coleman and Hauaer, tbid., 60,1193 (1928); Coleman and {bid., 63, 1692 

(19il). 
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be attributed to the position of equilibrium with this Grignard recent 
inasmuch as solutions of phenylmagnesium bromide, benzylmagnesium 
chloride, and /3-phenylethyhnagnesium bromide have about the same 
percentage of RaMg compound (75.8 per cent, 73.4 per cent, and 76.0 
per cent, respectively) whereas only benzylmagnesium chloride gives 
the non-contracted cyclic product. A possible explanation is that 
dibenzylmagnesium is more reactive than benzylmagnesium chloride 
and magnesimu chloride towards cydohexene oxide, the Grignard 
equilibrium thus bring disturbed by conversion of the less active 
CeHfiCHaMgCl to (CflHfiCH 2 ) 2 Mg. In support of this interpretation 
is the fact that phenyllithium and phenylcalcium iodide, which are 
more reactive generally than the corresponding phenylmagnesium 
halides, do not give ring contraction with cyclohexene oxide. 

Incidentally, these several experiments illustrate some risks involved 
in making sweeping generalizations on the basis of a single organo- 
metallic compound or a small number of organometallic compounds. 
First, although benzylmagnesium chloride gives no ring contraction 
with cyclohexene oxide, there is ring contraction with the related halo- 
hydrin (2-chlorocyclohexanol). In this latter respect, therefore, benzyl¬ 
magnesium chloride is like the other RMgX compounds examined. 
Second, chloral reacts with alkyl and aryl Grignard reagents, including 
benzylmagnesium chloride, to give secondary alcohols. 

CCliCHO + CoHsCHjMgCl CCbCHCOHlCHiC^H* 

However, other related phenyl-substituted alkylmagnesium halides 
like /S-phenylethylmagnesium bromide, T-phenylpropylmagnesium bro¬ 
mide, and S-phenylbutylmagnesium bromide reduce chloral to tri- 
chloroethanol.*®* Third, even some Grignard reagents having the 
same R group, but imlike halogens, react at significantly different rates 
with some compounds.”^ 

Reaction Mechanisms. Grignard reagents are polar compounds, 
and it is to be expected that the more satisfactory interpretations of their 
reaction mechanisms will be found to involve electronic concepts. 
Significant advances in this direction have been made with the chelation 
principles discussed elsewhere (p. 1879). 

Gross interpretations of reaction mechanisms are of particular 
interest with polyfunctional oompoimds. The reaction between diphenyl- 
ketene and phenylmagnesium toomide yirids triphenylvinyl alcohol. 
Hie formation of this compound, however, throws no light on the 
HOedbanism of reaction, for the addition of phenylmagnesium bromide 
to the carbonyl ludcage or to the ole^o linkage would account 
lor the piroduct. 
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(C,H,),C>=0=0+C,H,MgBr (C.H,)jC=C—OMgBr hoh (C,fl.)»C=C!-OH 

(IjJIs * HauT.fl 

{CtH,)jC=C=0+CJl,MgBr - (C,H5)jC—0=0 hoh (C.H,)jC—0=0 

BrMgijJ, ^ i i»H, 


In a sense this was an impossible reaction when it was first carried out 
inasmuch as all reactions of ketenes were then explained, on the basis of 
initial addition to the ethylenic linkage,and Grignard reagents do not 
add to an ethylenic linkage. 

One way of establishing the mode of addition is to prove the struc¬ 
ture of the intermediately formed magnesium compound prior to 
hydrolysis and the attendant possibility of rearrangement. This 
was done by treating the mixture with benzoyl chloride in order to tag 
or label the position of the —MgBr group. If addition takes place at the 
carbonyl group, the benzoate of triphenylvinyl alcohol should form. 


(C»H5)2C=C-OMgBr -|- CeHsCOCl 

ins 


(C,H6)2C=C—0—CCsHb 

i li 

CbHb 0 


If, however, addition occurs at the ethylenic linkage, the product should 
be diphenyldibenzoylmethane. 

(CbHbIsC-C=0 

(C8H6)2C-C=0 + CbHbCOCI I I 

I 1 _» 6=0 6,^8 

BrMg C«H6 I 

CeHs 


The product actually obtained was the benzoate of triphenylvinyl 
alcohol, thereby proving addition of the Grignard reagent to the car¬ 
bonyl linkage.*^* 

T his method of establishing whether MgX is attached to carbon or to 
oxygen (or another element) is one which has been used extensively, 
and with particular success by Kohler and co-workers in their elegant 
work on the reaction of Grignard reagents with conjugated and other 
unsaturated systems (p. 673). Interestingly enough, Kohler in studies 
on the enolizing action of Grignard reagents has shown that the struc¬ 
ture of some of the intermediate —MgX compoimds cannot be im- 
ambiguously labeled in the manner set forth. That is, an —OMgX 
linkage may react with a labeling reagent to give a product which 
appears to show that the intermediate linkage was —CMgX. Such 

(a) Staudinger, Ann., 3B6, 122 (1907). (b) Gilman.aiid H 0 <dEeTt, /. Am. Chem. Soc., 
4a, 1010 (1920). (c) Kohler, Tishlor, and Potter, ibid., 67, 2617 (1936). Fuson, Fugata 
and Fi^, ibid., 61. 2362 (1939). (d) GUman and Jones, ibid,, 63, U62 (1941). 
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—OMgX compounds will add to benaaldehyde, for example, exactly as 
simple Grignard reagents which have the —CMgX linkage.**® The 
situation is much like that of sodium acetoacetic ester which has an 
—ONa linkage and yet undergoes alkylation to yield C-alkylated 
derivatives. In short, it is sometimes impossible to establish, by 
labeling-replacement reactions, the element to which the —^MgX group 
is attached. Actually, the intermediate magnesium compounds are, 
like the Grignard reagent, ionized. The magnesium or —MgX group 
need not be attached to either oxygen or carbon, and the natiue of the 
oiganic ion determines whether one gets essentially an —OMgX or a 
—CMgX replacement product. 

There is a possibility that the —OM and —CM forms may be co¬ 
existent. For example, the metallic derivatives of acetomesitylene may 
be the following.**'' 


2,4,6-(CHj),C6HsC=CHj ' 



2,4,6-(CH3)sC6H2CCHjM 


0 


It is now known that under some conditions a reactive C —group may 
be present in a molecule containing also an otherwise reactive functional 
group (p. 538). 

Rearrangement Reactions. It is not uncommon for Grignard 
reagents and Grignard reactions to show rearrangements. A simple 
illustration is the racemization that takes place when a Grignard 
reagent is formed from an optically active halide.**" So-called abnormal 
products are most frequently encountered in reactions of Grignard 
reagents derived from allylic systems like those in benzylmagnesium 
halides and crotylmagnesium halides (CH 3 CH=CHCH 2 MgX). “Ab¬ 
normal products” are not always formed, and the kind and extent of 
rearrangement vary markedly with the nature of the reactant. Some 
typical rearrangement reactions and their mechanisms are considered 
dwwhere (pp. 1009-1012, and 1879). The allylic rearrangement 
reactions are not peculiar to Grignard reagents but are shown by a great 
variety of organometallic types.*** They have been most closely 
examined in Grignard reactions, however. 

•* (o) Schwarti and Joiuuon, J. Am. Chem. Soc., tS, 1066 (1931) ; Pickard and Kenyon, 
J. Chem. Soc., *9. 66 (1911); Porter, J. Am. Chem. Soc., #7,1436 (1936); Marker, Oakwood, 
and Oitwka, ibid., SS, 481 (1936;; Bergmann and Bondi, ibid., 58, 1814 (1936); Wallis and 
Adama, Und., 56, 3338 (1933). For a related study of the action of lithium on an optically 
iMCiv« chloride, eee TarbeU and Weiis, ibid.. SI. 1203 (1939). (6) Oilman and Nelson, 
' 81, 741 (1939). (c) For some oriAttiiif; references see Oilman and Harris, ibid., 58, 

IHMl (1931); Gilman Kirl^, ibid., 64, 345 (1932); Austin and Johnson, ibid., 64, 047 
fpaS); Jaeoba, Cramer, and Weiss, ibid., 58, 1849 (1940); Campbell, Anderson, and 
J. Chem, Soc., 819 (1940). (d) Young and co-workers, J. Am, Chem. Soe., 55, 
m (198®; 40,900 (1938). 
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The so-called allylic rearrangements may not be true rearrangements. 
It was suggested some time ago that the anomalous reactions may 
actually be due in some cases to the co-existence of two structurally 
isomeric RM compounds.*®' Recent studies have lent experimental 
support to this interpretation.*®'' 

Constitution. Grignard reagents are almost always prepared in an 
ether, and only rarely in a tertiary amine. The reagent forms a co¬ 
ordination compound with such solvents. Inasmuch as a coordinating 
solvent or any solvent is not necessary for the preparation of Grignard 
reagents it is permi.ssible to confine attention to the solvent-free com¬ 
plex. Jolibois **' first suggested that the Grignard reagents should be 
designated as R2Mg MgX2 and not as RMgX. Then evidence *** was 
presented for the following equilibriiun 

2RMgX RjMg + MgXj 

which has also found support in a series of electrolysis studies. Dioxane 
precipitates RMgX and magnesium halide from ether solutions, leaving 
the R2Mg compound, a procedure which incidentally is useful for the 
preparation of R2Mg compounds. Also, dimethyhnagnesixim can be 
distilled, under reduced pressure, from methyhnagnesium chloride.*®' 
Furthermore, a mixture of equivalent quantities of R2Mg and MgX2 
behaves exactly like the corresponding Grignard reagent prepared from 
RX and magnesium. No reagent is known which will react with either 
RMgX or R2Mg and not with the other. Other than with alkyl sul¬ 
fonates, there arc no differences in kind of reaction with the mixed and 
simple organomagnesium compounds. Actually, therefore, in spite of 
good evidence for R2Mg there is no rigorous support for RMgX. In 
this connection, one of the equilibria proposed for Grignard reagents is 

R2Mg MgX2 5=^ R2Mg + MgX2 

where the dot represents some form of molecular complex.*®"' Inasmuch 
as the Grignard reagents are ionized, the most significant point to empha¬ 
size is that RMgX compounds can ionize to [R]”, [MgX]"*", (TaMg]"*", 
[X]-, and [Mg]-*-+. 

The percentage of R2Mg in a Grignard solution varies both with the 
R group and the halogen.**'’"'" 

“ (a) Jolibois, Compt. rend., 155, 363 (1912). (b) Sohlenk and Srfilenk, Ber., 65, 920 
(1929); Gilman and Fothergill, J. Am. Chem. Sot., 51, 3149 (1929). (e) Gihnan and 

Brown. Bee. trav. chim. 48, 1133 (1929). (d) NoUer, J. Am. Chem. Soe., 55, 636 (1981). 
(e) Sohlenk, Jr., Ber,, 64, 734 (1931); NoUer and Hilmer, /. Am. Chem. Soe., 54, 2603 
(1932); Johnson and Adkins, dn'd., 54, 1943 (1932); Bartlett and Berry, ibid., 66, 2683 
(1934) ; Cope, ibid., 56, 1678 (1934); 57, 2238 (1936) ; Noller and BaiMQr, tbtd., 61, 1749 
(1940); Coleman end Blomqmat, ibid., 63, 1692 (1941). (/)GombOT6 and Ba(dimanii, 
ibid., 49, 236, 2684 (1927). 
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Not only is there an equilibrium of the kind mentioned, but there 
may be the following equilibrium with triarylmethylmagnesium halides. 

(C,H,)K:MgX + MgX 

The possibility of an MgX radical or ion suggests the Gomberg-Bach- 
mann magnesious halide equilibrium in those Grignard solutions con¬ 
taining free magnesium.*’'^ 

MgX, + Mg 2 MgX 

Altogether, therefore, a Grignard solution may be a complex equilibrium 
mixttjre, which, for ordinary purposes, can be simply designated as 
RMgX. 

Relative Reactivities. There are pronounced differences in the 
rates of reaction of Grignard reagents with a selected reactant, just as 
there are marked differences in the rates of reaction of a Grignard 
reagent with a series of reactants having unlike functional groups. The 
relative reactivities of some Grignard reagents have been determined 
in various w’ays. One procedure is to add a definite excess of reactant 
to the Grignard reagent and measure the time required to use up the 
RMgX compound, as evidenced by a negative coloi test with Michler’s 
ketone.*^* The reactivities of some alkylmagnesium halides have been 
measured by the rate of evolution of gas when treated with an active 
hydrogen compound like indene.*^* The rates of reaction with an ester 
have been established by interrupting the reaction and determining the 
quantity of unused ester.’*'* Another procedure is to permit two dif¬ 
ferent Grignard reagents to compete for an insufficient quantity of 
benzophenmie.*** 

Where comparisons can be made, the several series do not give 
wholly concordant results. The series established by the reaction with 
benzonitrile 

RMgX + Cai,CN RCC (^4 

A 

*• (a) Gilman, Heck, and St. John, See. trav. chim., 49,212 (1930). (6) Oilman, St. John, 
St. John, and Lichtenwalter, tbid.f H, 677, 588 (1930). (c) Ivanov, Compl. rend., 196, 491 
(1933); SttU. toe. chim., 61, 019 (1932). (d) Vavon, Baitner, and nu^baut, Und., 1, 806 
(1934). (c) Kharaach and Weinhouw, J. Ori- Chem., 1, 209 (1936). (/) Kharaach, R«4n- 
iBUth. and M^o, J. Chem. BdutatUm, 16. 7 (1930) ; Kharaach, Pinea, and Levine, J. Org. 
Chem., 8, 347 (1938); Whitmore and B«mat«n, J. Am. Chem. See., 60, 2626 (1938). (*) 
G&nan, Tovme, and Jonea, J. Am. Chem. See., 66, 4689 (1933). (A) Kipping. J- Chem. 

8366 (1928) ; Bullard, /. Am. Chem. &»., 61, 3066 (1929); 66, 3160 (1931). (t) 
ahwowt HM., 67, 1299 (1935). (J) Wooater and Mitchell, ibid., M. 088 (1930). Thia hurt 
^grtieihi chreota attention to aome apparent weakaeaaes of the addrOleavage aeriea. (A) Qil- 
IlMtt Tomie. Md., 61, 739 (1939). (0 Oitniaa and Moore, ibid., it. 3206 (1940); Oil 
and Jonea, ibtd., 66, 2482 (1941). 
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is the most comprehensive so far examined. A part of the series follows, 
the numbers being average times in hours required for the complete 
reaction of RMgX with a definite excess of benzonitrile.**^ 


2,4,6-(CHg)8C«H2MgBr 

0.01 

*i-C4H9MgBr 

4.67 

p-CH8C«H4MgBr 

0.10 

t4-C4H9MgT 

7.60 

CsHsMgBr 

0 31 

«ec.-C4H9MgBr 

11.66 

C2H6MgBr 

0.86 

te7-f.-C4H9MgBr 

26.6 

n-CiHgMgCl 

7.36 

C6H6CH2Mga 

1.60 


CsHtC^MgBr 

77.0 



The same order applies, of course, in competitive reactions. For example, 
when mesitylmagnesium bromide and phenylmagnesium bromide are 
allowed to compete for an insufficient quantity of benzonitrile the 
products are 92 per cent of benzoylmesitylene and 4 per cent of benzo- 
phenone; and in a competitive reaction using n-butylmagnesium bromide 
and phenyleth3mylmagnesiiun bromide the only ketone isolated was 
^valerophenone, n-C^HgCOCeHs.*^* 

An inspection of the series reveals that the arylmagnesium halides 
are set apart from the alkylmagnesium halides, and this suggests a 
possible correlation between the relative reactivities of Grignaxd rea¬ 
gents and the easse of cleavage by acids of other organometallic com¬ 
pounds. When unsymmetrical organometallic compounds of mer¬ 
cury,’*^ lead,’** tin,’** and germanium ’** are cleaved by halogens and 
halogen acids there is a preferential replacement of some of the radicals. 

CjH^HgCoHs + HCl ->• C2HiHgCl + CeHs 
(»-C4H,)jPb(C2H6)3 + 2HC1 (7i-C4H9)2PbCl2 -f 2 C 2 HB 

On the basis of the above two reactions it will be observed that the 
decreasing order of ease of cleavage of the three radicals is: CeHs, 
C2H5, n-C4H9. The series obtained by cleavage of unsymmetrical 
mercurials is discussed on p. 1071 , and there is a satisfactory agreement 
between this series and those obtained by cleav^ of other organo¬ 
metallic compounds.**' 

On the basis of the following typical reaction, the 2 -furyl radical 
appears to be cleaved more rapidly than any other nuclear radical so 
far examined in the cleavt^ of unsymmetrical organometallic com¬ 
pounds by hydrogen chloride.*** 

(p-CH,0C«H4)2Pb(C4H«0-2)2 + 2HC1 (p-CH,OC»H0*Pba2 + 2 C 4 H 4 O 

The general acid-cleavage series is particularly useful, f<wr it enables 
one to predict with some accuracy which radicals will be preferentially 



020 


OROANIC CHEMISTRY 


deaved by halogen adds, and cleavage by adds is one of the few common 
reactions of all RM compounds. However, there are dehnite and ex¬ 
pected limitations in applying any one cleavage series to other series. 
The order or arrangement of radicals in a series depends not only on 
the nature of the radical, but also on the so-called cleavage agent, as 
well as on the central metallic element.*** For example, the rates of 
cleavage of radicals in unsymmetrical organolead compounds by sodium 
in liquid ammonia are quite unlike the rates of cleavage of such com¬ 
pounds by hydrogen chloride in bensene or chloroform. 


Pebiodic Akbamgeuent or Elements 


Group 

Family 

I f 

lA] [B] 

II 

[A] [B1 

III 

[A] [B] 

IV 

[A] [B] 

V 

[A] [B] 

Q 

VII 
[A] [B] 

VIII 


Li 

Be 

B 


N 

■Q 

F 


Na 

Mg 

A1 

Si 

P 

s 

Cl 



K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Pe Co Ni 


Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 



Rb 

Sr 

Y 

Zr 

Cb 

Mo 

Ma 

Ru Rh Pd 


Ag 1 

Cd 

In 

Sn 

Sb 

Te 

I 



Cs 

Ba 

La 

Hf 

Ta 

W 

Re 

Os Ir Ft 


Au 

Hg 

T1 

Pb 

Bi 

Po 

85 



87 

Ba 

Ac 

Th 

iPa 

lU 



RELATIVE REACTIVITIES OF ORGAHOMETALUC COMPOUNDS 

Inasmuch as organometallic compounds differ generally in degree or 
rate of reaction rather than in kind of reaction it Is desirable to formulate 
at this place some broad generalizations concerning relative reac¬ 
tivities.** The expression “relative reactivities” is not intended to 
include two highly obvious properties of some RM compounds: namely, 
thermal instability and s^ntaneous infiammability. The highly un¬ 
stable organosilver and organogold (RAu) compounds are of a rela¬ 
tively low order of so-called typical chemical reactivity, and ethyl- 
potaesium which starts to decompose at room temperature is extremely 
reactive. Trimethylboron and trimethylhismuth are spontaneously 
laftammable but not particularly reactive otherwise, whereas the 
l|^^ylaikali compounds like methylsodium axe spontaneously infitun- 

and NdjMm, Itee. trm. <Mm., n, 518 (1986). 
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mable and also highly reactive generally. There appear, at tins time, to 
be no correlations of thermal instability, spontaneous indatmnabilily, 
and other chemical transformations. The illustrations just given are 
of RM compounds which are either highly reactive or of a relatively 
low order of reactivity. Organomanganese compoimds are of moderate 
reactivity, but they are not only thermally unstable but also spon¬ 
taneously inflammable. 

A typical criterion of relative reactivity is addition to the carbonyl 
linkage. This reaction is shown not only by the thermally unstable 
organocopper and organosilver compounds, but also by the spon¬ 
taneously inflammable organoberyllium and organoboron compounds 
as well as by the relatively unreactive organomercury and organolead 
compounds. The ten rules which follow are based generally on relative 
reactivities established by addition reactions to functional groups like 
the carbonyl and cyano. 

First, the organometallic compounds in the A-families of the first 
three groups of the periodic table increase in reactivity with increasing 
atomic weight or atomic number. For example, in Group I, the order 
of increasing activity is: Li, Na, K, Rb, Cs. On this basis, when organo¬ 
metallic compounds will have been made of Element 87 it is to be 
expected that they will be the most reactive organometalhc compounds. 
In Group II, the order of increasing activity appears to be: Be, Mg, 
Ca, Sr, Ba, Ra. Very little is known of organostrontium, organobariiun, 
and organoradiuin compounds. In the A-family of Group III, the only 
organometallic compounds so far compared are those of boron and 
aluminum, and here the order of increasing reactivity is; B, Al. 

The differences in reactivity are by no means regular, either in a 
selected group or when the members of one group are compared with 
the corresponding members of an adjacent group. For example, 
organosodium compounds are distinctly more reactive than organo- 
Uthium compounds, but organopotassium compounds appear to be 
only slightly more reactive than organosodium compounds. Also, 
organomagnesium compounds are only slightly more reactive than 
organoberyllium compounds, whereas organocalcium compounds are 
decidedly more reactive than organomagnesium compounds. That is, in 
Group I the difference between the first and second organometallic 
types is greater than that between the second and third; but in Group II 
the difference between the first two types is less than that betwe^ the 
second and third. 

Second, the organometallic compoimds in the B-families of the first 
three groups generally decrease in reactivity with increarang atomic 
weight, For example, in Group I, the order of deexearang activity is: 
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Cu, Ag, Auj and in Group II: Zn, Cd, Hg. In Group III, however, the 
order of decreasing reactivity is: In, Ga, Tl. 

Third, in the A-familiee of the first three groups, the organometallio 
eOmpounds of one of the families of a selected group are more reactive 
than the com^pondiog organometallic compounds in the next higher 
group of that period. For example, the order of decreasing activity 
of the first members of the A-famili^ of Groups I, II, and III is: Li, Be, 
B. In the next period, the order of decreasing activity is: Na, Mg, AI. 
Then we have the order: K, Ca, the organocompounds of Sc being as 
yet of unknown reactivity. Actually, the first element in an A-family 
of the first three groups gives an oiganometallic compound which is 
not only more reactive than that of the corresponding type in the next 
group, but also more reactive than the organometallic compounds 
derived from the second metal in the A-family of the next higher group. 
For example, organolithium compounds exceed organoberyllium and 
organomagnesium compounds in reactivity. Likewise, organoberyllium 
compounds are more reactive than organoboron and organoaluminum 
compounds. 

Fourth, the least reactive organometallic compound derived from 
a metal of the A-family of one of the first three groups is more reactive 
than the most reactive oiganometallic compound containing a metal 
of the B-family of the same group. For example, organolithium 
compounds are more reactive than the corresponding organocopper 
compounds; and organoberyllium (impounds are more reactive than the 
corresponding organozinc compounds. 

Fifth, in the first three groups, an organometallic compound derived 
from a metal of the B-family is less reactive than the organometallic 
compound of a metal from the A-family of the next higher group. For 
example, organocopper compounds (B-family of Group I) are less 
reactive than organoberyllium compormds (A-family of Group II); and 
organozinc compounds (B-family of Group II) are less reactive than 
organoboron compounds (A-family of Group III). 

The organometallic compounds of Group IV may be considered 
transitional between those of the three groups which precede and those 
of the three groups which follow Group IV. Actual^, generalizations 
on the relative reactivities organometallic compounds of Groups V, 
VI, and VII are essentially inv«8ed counterputs of the generalizations 
OQSBo^med with Groups I, II, and III. These somewhat symmetrical 
fiarnttulations, if Group IV is pctured to form a sort of plane of sym- 
find an added emphasb in the A- and B-families of Group IV. 
^1^ tw families in Group IV appear to b© less different than, the two 
in any otiier grov^ It must be admitted, however, timt the 
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generalizations on organometallic compounds of Groups V, VI, and VII 
are less secure than those concerning Groups I, II, and III, for the 
simple reason that less is known of organometallic compounds in 
Groups V, VI, and VII. 

Sixth, the organometallic compounds in the A-familira of Groups IV, 
V, VI, and VII decrease in reactivity with increase in atomic weight 
of the metal. For example, in Group VII organomanganese comp»ounds 
are distinctly more reactive than organorhenium compounds. This 
generalization is almost pure hypothesis because practically nothing is 
known of organometallic compounds of the A-families of Groups IV 
and V. 

Seventh, the organometallic (or organometalloidal, or in some cases, 
merely the organic) compounds in the B-families of Groups IV, V, VI, 
and VII increase in reactivity with increase in atomic weight of the 
element. For example, in Group IV the order of increasing activity is: 
Ge, Sn, Pb; and in Group V the order is: As, Sb, Bi. Nothing is known 
of organopolonium compounds in Group VI, but the order of increasing 
reactivity of organic compounds of the other elements in this group, 
as evidenced by general chemical lability of the R groups, is: 0 , S, Se, Te. 
In Group VII the order of increasing activity is; F, Cl, Br, I, It will 
be recalled that some ascribe metallic characteristics to iodine. 

Eighth, in Groups V, VI, and VII, the organometallic compoimds 
of the A-family elements of a group are less reactive than the corre¬ 
sponding organometallic compounds of the next higher group of that 
period. For example, the order of increasing activity of the first mem¬ 
bers of the A-families in Groups V, VI, and VII is: V, Cr, Mn. 

Ninth, the very meager information on organometallic compounds 
of the Fe to Pt series (Group VIII) may warrant the guess that these 
nine metals will form a series of organometallic compounds the reactivi¬ 
ties of which will be patterned somewhat after the formulations proposed 
for the nine metals which comprise the B-families of the first three 
groups. 

Tenth, an unsymmetrical organometallic compound of the type 
RMR' is more reactive than the symmetrical compoimd RMR, where 
M is the same metal. For example, (C6H8)2Pb(C2H6)3 is more reactive 
than either (C6H6)4Pb or (C 2 Hs) 4 Pb. 

No reasonable formulation is possible at this time on the relative 
reactivities of “mixed” organometallic compounds (RMX) and “simple” 
RMR compounds. For example, RMgX compounds appear to be 
generally more reactive than R2Mg compounds. However, R2AIX and 
RAIX2 compounds may be more or less reactive than R3AI compounds, 
depending on the reactant selected for establishing rdative reactivities. 
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Also, insufficient evidence is avuiable to warrant generalizations on 
the relative reactivities of a series of organometallic compounds vdiere 
the aeieoted metal may have different valences: for example, RaPb, RsPb, 
RiPb. By reactivity in such compoimds is not meant the tendency 
to add elements or groups to give a lugher-valenoed orgwometallic 
compound but rather the tendency of any R group to become detached 
from the metal and combine with some other element or group, par¬ 
ticularly the carbonyl group. 

Inasmuch as the reactivities of organometallio compounds are 
infiuenced not only by the metal but also by the R group, it is to be 
expected that the ten generalizations owe whatever validity they may 
have to comparisons made with the same R group or R groups of equal 
effect. The rules may be inverted in some cases by a proper variation of 
R groups. For example, dimethylberyllium is less reactive than 
dimethylmagnesium, but dimethylberyllium is more reactive than 
diphenylethynylmagnesium [ (CeHsC^C) 2M g]. 

Broadly speaking, the relative reactivities of metallic hydrides and 
carbides agree with the formulations proposed for the relative reactivi¬ 
ties of organometallic compounds. 

GROUP I. A-FAMILY 

[Li, Na, K, Rb, Cs] 

The simpler organoalkali compounds arc best prepared by the 
action of an alkali metal on the RgHg or RjZn compound.*’ 

(CH,)sHg + 2Na CH,Na + Na(Hg) 

The organolithium compounds are exceptions, for these are obtained 
satisfactorily by procedures like those used for the preparation of 
Grignard reagents.*® Actually, the RLi and RMgX compounds 
admirably supplement each other; some RX compounds which form 
Grignard reagents with ease do not form any significant quantity of 
organolithium compound, using the simplified technique for the 
preparation of RMgX compounds, whereas some halides whidi react 
very slugpshly with magnesium enter into prompt reaction with lithium 
to ipve excellent yields of Rli compounds. A case in point is the 

**SeUen]c and eo-mn-kent, Ann., 46S, I (1928) ; 484, 1 (1928). 

» Wonkljm, Ann., HOT. 126 (1868): 148. 211 (1866); QroMO, B«r., W, 2646 (1926). 

oiul Coloniuo, 479, 136 (1930); Oilman, ZaeUner, and Selby, /. Am. 

Soe., M. 1967 (1932); H, 1262 (1933); Gilman, Lon^m. and Moore, ibid., M. 
|^i)(l#40); MfiUer and T6p«t, Tt. 273 (1939). 

4 
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preparation of p-dunethylaminophenyllithium in 95 per cent yield in 
ether solution by the foUowing reaction. 

p-(CH8)sNC8H4Br + 2 Li -> p-(CH8)jNC6H4Li + LiBr 

It is possible to differentiate between a Grignard reagent and the 
corresponding RLi compound, and also between an alkyllithium com¬ 
pound and an aryllithium compound, by reactions designated as color 
test II.®*’ This test is based on the following prompt halogen-metal 
ioterconversion reaction which is shown by alkyllithium compounds 
but not by aryllithium compounds or RMgX compounds. 

VrCiRtU + p-CCHalsNCeHiBr-^ p-(CH 3 ) 2 NC 6 H 4 Li + n-C 4 H.Br 

The p-dimethylaminophenyllithium that results reacts with benzo- 
phenone to ©ve a carbinol which on acidification turns red. 

The organoalkali compounds have been roughly divided into three 
classes;** (I) The very highly reactive, colorless, simple alkyl M and 
aryl M types which are highly polar and insoluble in organic solvents. 
(II) The colored RM types which have the metal attached to a carbon 
in direct union with aromatic rings or a system of multiple bonds. 

C.HtCHsNa (CaHsljCLi [(CHslaCC^CJsCK 

These, like tlie RM compounds of class I, are electrolytic conductors 
in many organic solvents, particularly in diethylzinc which itself is 
non-conducting. (Ill) Numerous organolithium compounds which are 
colorless, liquids or fusible solids, soluble in organic solvents, poor 
conductors, and generally only slightly polar. 

As a group, the organoalkali compounds are the most reactive 
types, and the order of increasing reactivity is: RLi, RNa, RK, RRb, 
and RCs. This order has been established in several ways and par¬ 
ticularly by the reaction rates of the phenylethynylalkaJi compounds, 
CeHsC^CM, with an excess of benzonitrile, using the color test to 
determine when the RM compound was used up.'** Benzonitrile was 
used because it contains a functional group which reacts slowly with 
organometallic compounds; and the phenylethynyl radical was selected 
because it gives a relatively unreactive organometallic compound when 
attached to any metal. An approximate idea of the relative reactivities 
follows; the times are in hours, and phenylethynylmE^esium bromide 
is included for comparative purposes. 

CsHsCsCMgBr 86 QsHbC^CK 4.4 

CjHjCfeCLi 60 CsHtCfeCRb 3.9 

C^HsCsCNa 6.8 CeHsCfeCXDs 2.9 

“ Ziegler, CrSeamann, Kleiaer, and SchMer, Ann., 473, 1 (1920). 

*• Gilman and Young, J. Org. Chem., 1. 316 (1936). 
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In a broad sense, the organoalkali compounds show aU the reactions 
of Giignard reagents. They differ, however, from RMgX and many 
other RM compounds in one important respect; they undergo addition 
to an olefinic linkage. Such addition is not peculiar to organoalkali 
compounds inasmuch as the highly reactive organocalcium compounds 
will likewise undergo such addition, but at a slower rate. It is most 
probable that the organic compounds of barium, strontium, and radium 
will be found to add to an olefinic linkage, for, if one may draw con¬ 
clusions from present knowledge as well as from reasonable postulates, 
these together with the calcium compounds form a series that is more 
reactive than the RMgX t3rpe. 

The first observed addition to an olefinic group was that of phenyl- 
isopropylpotassium to 1,2-diphenylethylene.** 


(CeH,)(CH,)jCK + C«H 5 CH=CHCeHs -> CeHsCHCHCsH* 

I 1 

(C,Hj)(CH3)2C k 


In general, the most reactive organoalkali compounds of class I add 
readily; in class II those organoalkali compounds having more than 
one aromatic nucleus or unsaturated group attached to the carbon 
holding the metal add slowly or not at all or give rise to secondary 
reactions; and those in class III, like the alkyllithium compounds, add 
more slowly. Whether addition takes place or not depends, obviously, 
both on the RM compound and on the olefinic linkage. The unsaturated 
carbons of the olefinic linkage must, as a rule, be directly linked with 
an aromatic cycle or other unsaturated system, and the possibility of 
addition as well as of other reactions like substitution is influenced by 
both the number and kind of radicals. The following are some illustra¬ 
tions with phenylisopropylpotassium (RK). 


(C#H»)jC“CHj 

(C,H»)*0=CHC#H» 
C,RjCH—CHCH, 

(Cai»)4C=CHCH, 


Addition to give (CeHs)*C—CHj 

i R 

No reaction 

Addition to give CeHtCHCHCHa 

U 

Substitution to give (C»H»)jC“^HCH»K 


Addition reactions of organoalkali compounds to an olefinic linkage 
intimately associated with other transformations, particularly the 
d alkali metals to olefinic linkages, the polymerization of 
l^^iwilttrated hydrocarbons by alkali metals and organoalkali oom- 

• B6hr. Bcr.. SI, 263 (1028). 



ORGANOMETALLIC COMPOUNDS 627 

pounds, and hydrogenation by means of alkali metals and their amal¬ 
gams. 

Two types of addition of alkali metals take place. One is a simple 
1 ,2-addition, 


(C,H5 )jC=C(C8Hj)j -I- 2 Na ^ (C«H5)2C-CfC.Hs)* 

I i 

Na Na 

and the other has been termed a dimerizing addition, 

(C«H6),C=CH2 + 2Na -t- H2C==C(C«H6)2 (C6H6)2CCH2CHjC(C»Ht)2 

I I 

Na Na 

The dimerized addition products show the general reactions of Grig- 
nard reagents. However, the 1,2-addition products show few RMgX 
reactions; instead, they tend to regenerate the olefinic linkage. 


0 , 


(C.H,),C-C(C.Hd2 

I I 

Na Na 


NaaOj-J- 


2CH,I 


CiJ^IsCOCl 


■> 2NaI-|-C2HB-t 


> C,H,C 0 C 0 C.H 6 +- 


(c,H.),c==c(cai,). 


Water and carbon dioxide are among the small number of reagents 
which do not regenerate the double bond but react as with RMgX 
compounds. 


HjO 


(C,H6)2C-C(CeH6)2 


Na Na 


co» 


(CeHilsC—C(C,Hs), 

1 I 

H H 

^ (CeH^ljC—G(CeHs), 

I I 

HOjC CO2H 


It is interesting to observe that the olefinic linkage in tetraphenyl- 
ethylene, which is relatively unreactive to some addition reagents 
(particularly bromine, which does not add), undergoes prompt addition 
of sodium. IXirthermore, the addition of sodium may be peculiar to 
this alkali metal, for under corresponding conditions lithium does not 
add. This may not be surprising in view of the lesser general reactivity 
of lithium. However, it is surprising that under the same conditions 
potassium likewise does not add. The dipotasrium compound does 
form if sodium-potassium alloy be used, and this may be due to the 
initial addition of sodium followed by replacement by potaseiura in 
aocordance with the general rule that the more reactive RM compound 
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resulte from reaction of the less reactive oi^anometalUc compound 
witJi a metal that can form a more reactive organometallic compound. 

RMgX + Li RLi 

RLi + K RK 


The absence of smooth addition with rubidium and cesium may be due 
in part to the relatively tremendous atomic volumes of these metals. 
However, a dirubidium compound results when sodium-rubidium alloy 
is used. Again, there may be preliminary addition of sodium followed 
by replacement of the sodium by rubidium." Such a reaction would 
conform with the generalization that where steric factors are involved 
replacement reactions are less hindered than addition reactions. 

Olefins like styrene, 1 -phenylbutadiene, butadiene, and isoprene are 
polymerized by sodium powder, the last two compounds giving sodium 
rubbers. The action of sodium on isoprene in liquid ammonia involves 
the preliminary 1 , 4 -addition of sodium followed by hydrolysis to give 
2 -methylbutene-2." 

CH*=C(CH,)CH=CHj + 2Na -+ CHjC(CH8)=CHCHa 

I I 

Na Na 

CHjC(CH,)=CHCH, -f- 2NaNH2 


Inasmuch as alkali metals add to an olefinic linkage to give an organo- 
alkali compound, and since organoalkali compounds add to olefins to 
give more complex organoalkali compounds, it is understandable how a 
small quantity of alkali metal or organoalkali compound might convert 
many olefin molecules to large molecules or polymers.**’" 

RCH^CHj -h R'M RCHCHjR' 

I 

M 

RCH=>CH2-I-RCHCHjR' RCHCHjCHRCHuR' 

I I 

M M 

RCH=CH 2 + RCHCHjCHRCHsR' RCHCHjCHRCHjCHRCHjR' 

I I 

M M 


The previously motioned oigimoalkali compounds which do not add 
to im olefinic linkage do not effect polymerizaticm. With conjugated 


^ Mkittor and Bnme, J, Am. Chem. Bae., U. 1293 (1939). 

Appenrodt, Mishad, and Dial, 8«r., 47, 473 (1914); Zieder and Kleiner, 
(1929) : Bergmaim asA eo-workera, Ann., 4B0, 49, 59 (1930) ; B«r., 44, 1493 
; Qrinun, and 'WIBer, Ann., SO. 90 (1939). 
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systems like those present in butadiene and isoprene the polyiueriza> 
tion probably involves 1 , 4 -addition. 

The reduction of some olefinic linkages by sodium-amalgam and 
water probably involves the preliminary addition of sodium, followed- 
by hydrolysis of the resulting organosodium compound. 

HOI? 

RCH=CHj -I- Na(Hg) RCHCHj —^ RCHjCHa 

I I 

Na Na 

It is interesting to note that those hydrocarbons which are reduced by 
sodium in liquid ammonia add alkali metals or organoalkali compounds, 
and those which are not reduced do not undergo such addition.More 
particularly, in the reduction of naphthalene by sodium in liquid 
ammonia to give tetrahydronaphthalene, there is not only the red color 
characteristic of the organoalkali compound but also the quantitative 
evidence that only four atoms of sodium react with each molecule of 
naphthalene, essentially irrespective of the quantity of excess metal 
present and the elapsed time of reaction.^* 

CioHs + 4Na —> CioH 8 Na 4 

CioH8Na4 + 4NH8 CwHu + 4NaNH2 

These observations are not consistent with the alternative reduction by 
nascent hydrogen derived from sodium and ammonia. 

Liquid ammonia is an excellent and convenient solvent for many 
reactions involving the alkali metals. There are, however, two notable 
differences between reactions in liquid ammonia and reactions in other 
media: (1) the highly concentrated solutions of alkali metals in liquid 
ammonia tend to give more extensive reactions; and (2) more side reac¬ 
tions occur in liquid ammonia due to participation of the solvent, as in 
ammonolysis and the formation of amines when halides are used.*'' 

Some substituted ammonium compounds are analogous to organo¬ 
alkali compounds.** For example, triphenylmethyltetramethylam- 

“Willstatter and Waldsehmidt-Leiti, Brr., 64, 113 (1921). 

« Lobeau and co-workere. Compl. rend., 167, 223 (1913); 166, 1614 (1914); 15«. 70 
(1914). 

** Wooster and co-workers, J. Am. Chem. Soc., 63, 179 (1931); 89, 696 (1937). For 
recent studies on the addition of alkali metals to olefinio linkages see the ft^owing; Cappd 
and Femelius, J. Org. Chem., 6, 40 (1940); Wright, J. An*. Chem. Soc., 81, 2106 (1939); 
Jeanes and Adams, ibid., 69, 2608 (1937); Scott, Wriker, and Handey. ibid., 58, 2442 
(1936); HDokel and Bretsohneider, Ann., 646, 167 (1939); and see Ferndius and Watt, 
Chem, Set., 90,196 (1937), for a review of solutions of metals in hquid unmonia. 

" Wooster and Ryan, J. Am. Chem. Soc., 96. 1133 (1934). 

« Schlenk and Holts, Ber., 49, 608 (1916) : Ber., SO, 262, 274 (1917). 
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monium, (C6Hs)aCN(CHa)4, and benzyltetramethylammonium are 
colored, polar compounds which exhibit some typical reactions of the 
oorre[^>onding organoalkali compounds. 


(C,H*),CN(CH,)4 — 


-> (CeH»)aCH + (CH,)4N0H 
^ (C.H,).CCOjH [or (CeH6)*CCOjN(CH,)4] 


Attempts were made to prepare ammonium compounds having five 
closely related alkyl groups attached to nitrogen.'** No pentaalkyl 
ammonium compound was obtained, and the tertiary amines isolated 
never contained an R group which was not initially present in the 
quaternary ammonium salt. 

R'Li + [R4N]+Br- -»■ [R4N]+R'- + LiBr 

i 

R»N + C„H2,,+ 2 + C„H2„ 


Conductivities of Organometallic Compounds. All organometallic 
compounds may be considered as salts derived from the weakly acidic 
RH compoimds. 

2RH + 2M 2RM + H, 


On such a basis, the oiganoalkali compounds should be and actually 
are the most polar RM types inasmuch as they are prepared, directly 
or indirectly, from the strongest bases. As strongly polar compounds, 
one would expect them not only to be good conductors but also to have 
the conductivities correlated with the strength of the bases from which 
they are derived. A particularly appropriate illustration is the study 
by Hein and co-workers ‘® on the molar conductivities of ethylalkali 
solvates of diethylzinc. For comparative purposes the molar con¬ 
ductivities of 0.1 aqueous solutions of the corresponding metal hydrox¬ 
ides at 18 ® are also given.** 

MoLAB CONDTJCnviTIKB OF MoLAB CONDUCnVITIBS OF 

CaHtM Solvates of (CiHdaZN MOH 


CjHsLi 

0.18 

LiOH 

74.6 

CjHsNs 

4.01 

NaOH 

196.3 

CtHsK 

6.40 

KOH 

213 

CjEiRb 

9.30 

RbOH 

213.3 


• Racer end Marvel. J. Am. Chem. Soe., 40. 2«J9 (1026). 

Wjlein, e. Blektrovkem., U, 469 (1932); Belji, FCteehnor. Wa^er, and Segite, Z, 
tOltm. Chem., lU. 161 (1024); Hein and Beciti, iM., US. 163 (1936). 

: .) # ♦‘fetertatioiml Critical TaWee,” McGraw-Haj Book Co., New York (1929), Vol. VI, 
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The splendid correlation between conductivities and relative reac¬ 
tivities of the ethylalkah compounds would seem to promise a high 
usefulness for this method of comparing relative reactivities. How¬ 
ever, there are two general reasons for a restricted applicability of this 
procedure. First, even though the organoalkali compounds are the 
best conductors and (with the exception of RM compounds derived 
from the alkaline-earth metals) the only tyjjes that conduct adequately 
for the purposes in hand, they cannot generally be examined in this 
way. Their thermal instability precludes measurements in the fused 
state, and their insolubility together with high reactivity markedly 
limit the number of appropriate solvents. Second, the promise held 
out by the ethylalkali compounds is not sustained generally because of 
disturbing anomalous results. For example, phenylsodium in dimethyl- 
zinc does not conduct at all, whereas phenyllithium which is distinctly 
less reactive chemically does conduct. Also, the order of conductivities 
in a series having a selected metal but different R groups does not always 
follow either the order of chemical reactivities or the order established 
by conductometric methods for RM compounds having corresponding 
R groups attached to a different metal. 

The use of diothylzinc to prepare solvates of the ethylalkali com¬ 
pounds for conductivity studies suggests that diethylzinc is a non¬ 
conductor. This is the fact. The same is true of the trialkylaluminum 
compounds, which, like dialkylzinc compounds, have found extensive 
application as a modified medium for measuring conductivities of the 
more reactive RM types. If the moderately reactive organoaluminum 
compounds do not conduct, it is understandable why the distinctly less 
reactive organocadmium and organomercury compounds are non¬ 
conducting, It should be emphasized that in all this the simple and 
not the mixed organometallic compounds are considered. The mixed 
salts like RMgX and the corresponding bases, RMOH, are as a rule good 
conductors. In such cases, however, it is probable that no significant 
ionization of the R-Metal linkage is involved. 

The conduction of organometallic compounds follows Faraday’s 
law. The metal is deposited on the cathode; and the R group, which is 
actually involved as an anion in the transport of the current, is dis¬ 
charged at the anode to give the coupling (R-R) or disproportionation 
products [R(+H) -|- R(—^H)] or both. 

Solvents of high dielectric constant are most suitable for such studies, 
and this applies to pyridine “ and particularly to liquid ammonia.” 

** Ziadar an*! WoUaohitt, Ann., 4T9, 123 (1930). 

*• Kraua, "The Properties of EleotHcally Conducting Syataaia,” CheaiieBl Catalog Co., 
New York (1022); Kraus and Johnsim, J- Am, Chem. Soc., #8, 3542 (1833), 
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However, with salts like the Grignard reagents the usual solvent, ether, 
is quite satisfactory, and liquid ammonia is totally unsuitable because 
of its active hydrogens. Considerable work, particularly by Evans,** 
is b^g done on conductivity studies of RMgX compounds, and atten¬ 
tion has already been directed to the bearing of such studies on the 
constitution of Grignard reagents. 

Conductivity studies suggest the possible use of the electromotive 
series of the metals as a means of correlating relative reactivities, the 
more electropositive metals forming the more polar and more reactive 
KM compounds. In a general way, there is a correlation, but some of 
the exceptions are striking. If attention be confined to the alkali 
metals and calcium the following segment of the e.m.f. series results.** 

li 2.959 K 2.924 

Rb 2.926 Ca 2.76 

Na 2.714 

It is at once evident that lithium is entirely out of line in the sense that 
the above series might lead to the expectation that RLi compounds 
would be the most reactive of the organoalkali compounds, whereas 
actually they are the least reactive. Also the organocalcium compounds 
should be more reactive than the organosodium compounds, but they are 
often less reactive; and diethylcalcium has been reported as completely 
non-conducting in diethylzinc, whereas ethylsodium is a good conductor. 

Ionization Potentials of Metallic Atoms. It has been suggested** 
that the ionization potentials of metallic atoms provide a better correla¬ 
tion with the relative reactivities of RM compounds than either con¬ 
ductivities or the electromotive series. The lower the ionization 
potential of the metal, in a given group or subgroup, the more reactive 
will be its simple •oiganometallic compounds. For example, the ioniza¬ 
tion potentials *’ of the alkali metals are: Li = 5.36; Na = 6.12; 
K = 4.32; Rb = 4.16; Cs = 3.87. This is exactly the inverse relation¬ 
ship of the relative reactivities of the corresponding RM compoimds. 

Another jjertinent illustration is the relative reactivities of the 
triphenyl derivatives of indium, gallium, and thallium. The ionization 
potentials of the metals in volts are: In = 5.76; Ga = 5.97; T1 = 6.07. 

Prnni^. ftnd Rnutbwttltot .7. Am. Ch^m. Soc.^ 6S. 2574 (1941); Ronduirev. 
Ber., 98, 450 (1925); French and Drane, J- Am, Chem. See., U, 4004 (1030); Duval, 
Ccmpt. rend., m, 1184 (1936). 

•* "International Critical TaMaa," MoCh*w-Hill Book Co., New York (1020), Vol. VI, 
p, 322. 

WQilmati and Jcmea, J, Am. Chem, Soe., 81, 2368 (1040). 

* Where only R groups and so ealt-lormiiw or acid radioala ara attaobad to the metal. 

** lAtinter, "The Oidda^on Sthtea of the IQementa and Their Potentiale in Aqueous 
Sobp^ffiBS." Pientioe-Halt New York, N. V. (1988), p, 14. 
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Here, too, there is an inverse relationship with chemical reactivities of 
the corresponding R 3 M compounds (p. 555 ). 

There are exceptional cases which do not permit exact correlations 
of chemical reactivities with ionization potentials. All that can be 
said at this time is that the broad rules previously formulated on the 
basis of groups and families of the periodic table are most useful be¬ 
cause they have the fewest exceptions. 

Acidic Hydrogens and Metalation. Inorganic salts are commonly 
prepared by interaction of an acid with a metal, a base, or a salt. The 
same general reactions can be used for the preparation of RM com¬ 
pounds from the very weakly acidic hydrocarbons. 

2RC^H + 2Na ^ 2RCfeCNa + Hj 
(CsHslaCH + KNH, -> (C 6 H 6 ) 3 CK + NHs (in Uquid NH,) 

C,H, -t- Hg(OAc)j CjHjHgOAc + HOAc 

Inasmuch as RM compounds have properties of salts, they react with a 
weak acid (RH) to form another salt and another acid. 

RH + CjHsNa -» RNa + CjHs 

These several reactions involving the replacement of an acidic hydrogen 
by metal to give a true organometallic compound illustrate trans¬ 
formations designated as metalation. 

It is clear that both the possibility of metalation and the rate of 
metalation are influenced by the strength of the acid and by the strength 
of the base or other metalating agent. The particular organic acids 
under immediate consideration are the extremely weak acids (RH), for 
which the usual methods of determining ionization constants are not 
applicable. Inasmuch as the metalation of an RH compound by an 
RM compound is influenced both by the strength of the acid and the 
polarity of the salt, it appears reasonable to expect that the reaction 
might be used to measure relative acidities of the very weak acids and 
relative polar characteristics or reactivities of the salts or RM com¬ 
pounds. 

Benzene is metalated by ethylsodium to give phenylsodium in a 
reaction first studied by Schorigin.” 

CjHsH + CsHsNa C6H6Na + CjH. 

This reaction illustrates the displacement of sodium from a salt of the 
relatively weaker acid {C 2 H 8 ) by the relatively Stronger acid (CaHe). 

“ Sohorigin. But., il, 2711 (1008); 43, 1938 (1910). 
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In like manner, a lateral hydrogen in toluene is shown to be more acidic 
tlian a nudear hydrogen in benzene. 

C*H»CH, + C*H*Na C#H.CHsNa + C#Hj 
From the following additional metathetical reactions 

(C,H»)jCH* + C«H»CHjNa -► (C«H&) 2 CHNa + C«H,CH» 
(CJHs).CH + (C,H6)*CHNa (C«Hs),CNa + (C,H5)2CHs 

it follows that the order of increasing acidities of the several RH com¬ 
pounds is: 

C»H,, C.H«, C,HtCH,, (C,H6)2CH2, (C»H6),CH 

It has been found possible to arrange a series of extremely weak acids 
on a scale by using the general procedure just indicated,®* and with 
some aromatic types it was found that phenyldimethylmethane, 
C 6 Hg(CH 3 ) 2 CH, was much weaker than phenylacctylene, CeHgC^CH 
(p. 1035). The method can also be used to compare the relative acidities 
of RNHa, ROH, and RSH compounds, all of which are less acidic, of 
comae, than carboxylic and sulfonic acids. 

In like maimer, it is possible to compare the salts or RM compounds. 
For example, the Grignard reagent metalates dibenzofuran with 
difficulty, but organocalcium and organoalkali compounds effect metala- 
tion readily. 



On such a basis, the organocalcium and organoalkali compounds are 
more saline or more polar than RMgX com{K>unds. And because 
Rli compounds effect only monometalation whereas RNa compounds 
effect dimetalation 



Na Na 


paeans is available of corroborating, in this case, the greater polarity or 
il^Ml^vity of the RNa compound. Under like conditions, the RK com- 

. , and Wtedand, /. Am. Chem. Soe., U, 1212 11932); MoBwen, OM., M, 1124 

i 
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pounds give more dimetalation than the less reactive RNa compounds. 
The highly reactive organoalkali compounds can be arranged in a series 
by extending the metalating reactions to uncommonly weak aliphatic 
acids like AlkylgCH. 

AlkyhCH + C5H5K AlkybCK + CaH* 

Theoretically it would not be surprising to find the most reactive alkali 
metal, Element 87, progiessively metalating methane to give a carbide. 

M 

CH4 ->■ CHsM -» CH2M2 CHM, CM4 

In short, hydrogen in any molecule is acidic in the sense that it will 
probably be found to be replaceable by a metal. 

The less reactive organometalhc compounds can also be arranged 
in a series if stronger acids be used. For example, RMgX compounds 
react with active hydrogens attached to oxygen, sulfur, nitrogen, and 
triply bonded carbon (RC^CH). Under selected conditions, the R 3 AI 
compounds react with the several types of active hydrogens just men¬ 
tioned, but not with true acetylenes; RaZn compounds react with 
RNH 2 and the other types of active hydrogen compounds, but not 
appreciably with R 2 NH compounds; and R 2 Cd compounds react 
neither with true acetylenes nor with amines, but react with the other 
types of active hydrogen compounds. This illustrates not only a pro¬ 
cedure for differentiating various types of active hydrogen but also 
a method of arranging the RM compounds on the basis of their reactions 
with active hydrogen compounds. The decreasing activities of these 
RM compounds toward active hydrogen compounds are: R Alkali, 
RCaX, RMgX, R 2 Zn, R 3 AI, R 2 Cd; and the decreasing strengths of 
the acids are: RSH, ROH, RNH 2 , R 2 NH, RCsCH, RH. The series of 
RM compounds obtained by reaction with active hydrogen types is 
not exactly that obtained by reaction of RM compounds with a func¬ 
tional group like carbonyl. Also the series of active hydrogen types 
is not always consistent. For example, triethylbismuth reacts with 
RSH compoimds but with none of the other active hydrogen types 
including some carboxylic acids. 

The even less reactive types like lUSn and R|Pb can be differentiated 
by the use of stronger acids. For example, the rate of cleavage of 
RiPb compounds by means of trichloroacetic acid is much greater than 
that of the corresponding R 4 Sn compounds, which on other grounds are 
known to be less reactive. Also, hydrogen chloride at 0® will cleave 
tetraphenyltin at a measurable rate for kinetic studies, but at a too 
rajad rate if tetraphenyllead be used. 
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In metsdalion reactions, the hydrogen or hydrogens replaced by 
metals may be the same or different, depending on the compound being 
metalated and on the metalating agent. When dibenzofuran is mono- 
metalated the same 4-hydrogen is replaced, irrespective of the metal¬ 
ating agent: alkali metal, RM compound, Hg(OAc) 2 . However, a 
related type, N-ethylcarbazole, metalates in different positions depend¬ 
ing on the metalating agent. 



example is the metalation of dibenzothiophene, 
ch is monometalated in different positions by the 

otherwise closely related phenyllithium and phenylcalcium iodide. 
This indicates highly selective reactions of synthetic value, particularly 
when it is considered that metalations frequently involve the replace¬ 
ment of hydrogens unaffected by other nuclear substitution reactions 
like halogenatlon, nitration, sulfonation, and the Friedel-Crafts reaction. 

In general, metalation takes place predominantly in a position 
ortiio to the hetero element; and the order of decreasing influence of some 
hetero elements is: O, S, N, P, As.*“* A simple illustration is the metalar 
tion of phenoxathiin. 


An even more striking 




« («) moMD and K3rt>y, J. Or*. Ck&m., 1, (1986); MiBwr wad BadunKi, J. Am. 

8oe„ 87, 2447 (1936); GOmaD, SttH^wiwh, and Kendall, Aiii.. •», 17«8 (1941); 
rt amMi and BeUi, ibid., M, 1(» (1939); Gitomn, Van Eea, WUUi, and Btuclcwiwsh. Qnd., 
■ #, aaoe a940). Zie^ and B&hr. B«r.. *1. 263 (1928). (d) Gilman and Cook, J. 
See., 88, ^13 (1946). (e> O^oe a»d Bra^Qey, (Md, M, 2833 (1988). 
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AroiMtic nuclei and RM compounds do not always react to ^ve 
^talation reaction. Two other transformations might be mentioned. 
One is addition as in anthracene. 



The other is dimerization as with phenanthrene. 


CeHi—C6H4 

2 1 1 + 2 RK 

CH==CH 


C*H4 C6H4 CbH4—CsHb 


KCH-CH-CH-CHK 


It is also poRsible to mctalate phenanthrene in the 9-position by means 
of alkylUthium compounds.*"'' With some partially hydrogenated 
polynuclear types like 1,4-dihydronaphthalene there is smooth dehydro¬ 
genation to naphthalene.®"' 



In connection with lateral and not nuclear metalation of hydro¬ 
carbons by alkali amide.s in liquid ammonia, 

RH + MNHi -» RM + NH, 

it was noticed that organoalkali compounds form only with those 
hydrocarbons having a benzohydryl group, (C 6 H 5 ) 2 CH—. 

(CeH4)*CH8 ^ (C6 Hb),CHM ; (C,H4)3CH -> (CJI»),CM 
(C«Hb),CHCH, (C«H6)2CMCH, ; (C«H5)*CHCH(C.H»), — 

(C6Hs)jCMCM(CeH6), 

No reaction was observed with compounds like CeHeCHCCHa)®, 
CftHsCHaCHaCsHs, {CaHs)3CCH3. The “benzohydryl rule” growing 
out of these studi^ has been used with success in interpretang some 
reactions. For example, when 1,1,2-triphenylethylene is treated with 
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sodium, the disodium compoimd initially formed undergoes partial 
amuMmolysis to give a monosodium compound. This compound should 
have the sodium attached to the bensohydryl carbon, and this inter¬ 
pretation was shown to be correct by replacing the sodium by ethyl to 
give a hydrocarbon of established structure." 

(C«Hs),C==CHC,H, > (C«H 5 )jC(Na)CH(Na)(C.H 6 ) 

(C,Hs)»C(Na)CH,C,H5 (C«H5)8C(C8H6)CH,C6H, 

Halogen-Metal Interconversion Reactions."" The following halo¬ 
gen-metal interconversion reaction occurs in a 97 per cent yield. 

fle-CioH7Br -J- ft-C$H7Li —► a-CioH7Li 7i-CjH7Br 

There are numerous variations of such reactions. In general, the most 
useful halides are those containing bromine or iodine; and, although 
halogen-metal interconversions have been effected with a variety of 
RM compounds, oi^anolithium compounds are most effective. 

The reaction is of particular value in the s 3 Tithesis of some reactive 
RM compoimds which either cannot be prepared at all or can be 
prepared only with difficulty and in highly unsatisfactory yields. For 
example, although no appreciable quantity of an RMgBr or RLi com¬ 
poimd can be prepared directly from 3-bromo-2,4,.'>-triphenylfuran or 
2-bromo-3,4,6-triphenylpyridine, the respective RLi compounds are 
readily prepared in satisfactory yields by halogen-metal interconver¬ 
sions with n-butyllithium. 


C*Ht 



Of greats significance is the formation of RLi compounds from com¬ 
pounds having otherwise reactive functional groups like —OH, —NH 2 , 
—COOH, and ==0*N —, The yields of acids formed in the following 
transformations average ha excess of 70 per cent. 

"WoosUr and MitoM, J. Am. Chem. Soc., S*. 688 (1930). 

“ (o) GBlman and Jacoby. J. Org. Chem.. t, 108 (1938); Wittig, PoclcdB, and Dr&ge, 
Tl, 1003 (1938); Oilman. Tjnnhum, and Jacoby, J. Am, Cftem- Soe., 6 t, 106 (1939); 
Gjlmaa and Moore, Aut, M, 1843 (1040); Wittig and 00 -workers, T3, 1197 (1940); 
HiBHUk, Lungham, and Moore, J. Am. Chtm. 80 c., M, 2337 (1940); Oilman and Spats, 
ft. «|6 (1940); «3, 1368 (1941). (3) Oilman and Jooea, ibH., M, 1430, 1441, 1443 
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(1) n-CtHgLi 

(2) CO, 

(3) H,0 

o-BrC*H«OH ->. o-HOOCC«H40H 

p-BrCsH^NHj -> p-HOOCCsHiNHj 

p-ICeH^COOH -> p-HOOCCjHiCOOH 



The halogen-metal interconversion reaction not only provides a 
reasonable mechanism for some earlier so-called anomalous reactions 
between RM compounds and reactants having halogens or pseudo- 
halogens but also explains the function of traces of RLi compound as a 
catalyst in halogen-metal interconversions with unreactive RM types. 
For example, reaction 3 takes place only in the presence of catalytic 
quantities of RLi compound. The function of the RLi compound 
follows from the established reversibility of reactions 1 and 2, which 
add up to reaction 3. 


RjHg -t- 2R'Li R'jHg + 2RLi 

(1) 

2RT -1- 2RLi ^ 2RI + 2R'Li 

(2) 

RsHg 4- 2R1 R'sHg -f 2RI 

(3) 


In general, a metal-metal interconversion reaction like 1 proceeds 
more rapidly than a halogen-metal interconversion, and this in turn 
goes at a greater rate than a hydrogen-metal interconversion or metala* 
tion reaction. 

The Wurtz-Fittig Reaction (p. 385). The reaction between a halide 
and a metal is influenced both by the reactivity of the halogen in RX 
and by the reactivity of the metal. With metals that form moderately or 
slightly reactive RM compounds, the reaction tends to stop at the RM 
stage unless the RX compound is highly reactive. 

2IIX + 2M 2RMX or (R,M + MX*) 

With highly reactive metals, like the alkali metals, the reaction involves 
only one-half the quantity of metal used above and the chief product 
is an R-R compound. 

2RX -f 2M R-R + 2MX 

The latter reaction is known as the Wurtz-Fittig reaction, and although 
it is commonly associated with alkali metals it will be recalled that 
lithium does not react to give R-R compounds unless the RX compound 
be very reactive or drastic conditions be used. 
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A large amount of work has been done on the mechanism of the 
Wurta-Pittig reaction, and the two most widely held inteipretations 
involve the intermediate formation of free radicals, 

2RX + 2M 2R- + 2MX 
2R- R-R 

and the intermediate formation of organoalkali compounds. 

RX + 2M RM + MX 
RM + RX R-R + MX 

The formation of compounds like triphenylene and o-diphenylben- 
zene in the reaction mixture obtained from chlorobenzene and sodium 
can be quite satisfactorily explained on the basis of intermediate phenyl 
radicals which can disproportionate to phenylene radicals. These unite 
to give triphenylene, 

2C«Hi- ^ CoHs + C,H4 < 

/C«H 4 

3C,H4 < C«H4<' I 

^C,H 4 

or the phenylene and phenyl radicals can combine to give o-diphenyl- 
benzene.** 

CJIs— + —C.H 4 — + —CjH* -> C6H6C.H4C.H6 

Part of the case for the intermediate formation of RM compounds 
rests on the captiue of such compounds during the Wurtz-Fittig reac¬ 
tion. For example, isovaleric acid is obtained by the action of carbon 
dioxide on a reaction mixture of sodium and isobutyl bromide.'* 

(CHilsCHCHiBr -|- 2Na -H’ (CH,)jCHCH8Na + NaBr 
(CH.ljCHCHjNa + CO. (CH,)sCHCH,CO!Na 

Actually, an RM compound has been isolated in a reaction of 3-iodo- 
furan and so<hum-potas8ium alloy 

I |I N»-K j iK CO. I |C02K 

The isolation of small quantities of the RK compound was attributed 
in part to the imcommon inertness of a /S-substituted halogen in furan. 
** BachnaaEm and darke, ibid., 4t, 2089 (1927). 

** Bohorien, Ber., M, 2711 (1908); 4S, 1938 (1910); Ziegler and 8«mUer, Ann., 479,160 
(1930); Httekel, Kraemw, and TUele, J. praU. Chtm., 148, 207 (1935). 

** (o) QQntan and Wright, /. Aw. Chem, floe., M, 2893 (1933). (i>) BookmOhl and 
Vr. i>at., 736,428 [Chtm. Zrntr,, n. 2193 (1933)]. (e) Morton and Hodwa- 
Idvamr. Am. Chem. floe., 88, l807, 2599 (1936). (d) Baohma n n and ttOaeloido. 
ii, ifl|i8 (|936). (e) Oilinaii. Paoovita. and Baino, AM.. 88 , 1514 (1940). See, alM, 
Maaaengale, ibbL, 81 , 120 ( 1010 ). 
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However, recent experiments have shown that organosodium com¬ 
pounds can be prepared directly from sodium and a variety of RX 
compounds. Phenylsodium is obtfdnable in an 89 per cent yield from 
chlorobenzene in benzene;*®*" amyl chloride gives amylsodium and 
amylidene disodium (C 6 HioNa 2 ), which on carbonation form caproic 
and butylmalonic acids, respectively, in a combined yield of 66 per 
cent; **' and triphenylchloromethane in ether and benzene reacts rapidly 
with sodium, provided that fresh surfaces of the metal are exposed 
throughout the reaction, to give a 96 per cent yield of triphenylmethyl- 
sodium.*®'* 

Even phenylpotassium appears to be formed transitorily in a reaction 
between chlorobenzene and potassium in the presence of toluene. What 
probably occurs is lateral metalation of toluene by the intermediately 
formed phenylpotassium to yield benzylpotassium in 84 per cent 
yield.*®' 

CeHsCl + 2K ^ [CeHsK] + KCl 
[C«HsK] + CeHsCHs ->• CACHiK + CtHt 

What appears to be a related metalation is the transition from an 
initial 80 per cent yield of p-tolylsodium from p-chlorotoluene and 
sodium in toluene at 35®, to a 79 per cent yield of benzylsodium when 
tlie mixture is refluxed.*®' 

It is probable that both free radicals and RM compounds are involved 
in the reaction. Furthermore, it seems reasonable that another some¬ 
what unusual reaction precedes the intermediate formation of free 
radicals and RM compounds. It has been shown that RX compounds 
are carriers of alkali metals as a consequence of the possible prior 
formation of complexes designated as “metal halyls,” by analogy with 
metal ketyls. These halyls can lose MX to give a free radical or R-R 
compound, or react wdth more metal to give an RM compound.** 

CsHbBr + Na CeHs... .Br... .Na 

C«H6. .. .Br-Na ^ C.Ht— + NaBr 

C6Ha!...Br....Na 

CsHa—C«Hs + 2NaBr 

C,Hs'...Br....Na 

CeHa. .. .Br... .Na + Na —» CeHjNa + NaBr 

** Mmton and Stevens, J. Am. CA«n. Soc., 54, 1919 (1932). For other reeeat studies 
on meohanisins of the Wurts-Fittig reaction see the following: Whitmore, pt^kin, Bem- 
atein, and Wilkins, ibid., 68, 124 (1941); Gilman and Moore, ibid,, «t, 1843 (1940); Blum- 
ruM-gm.,.,, ibi4., 60, 1999 (1938): Richards, Trana. Faraday Soe^ as, 0S6 (1940); Whit- 
mnre and Znok. J. Awi. Chetn, Soc,, 64, 1783 (1942). 
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If it be granted that RM foimation is, to some extent, an inter¬ 
mediate stage in coupling reactions to give R-R compounds, then it 
may be concluded that all metals have formed or will form RM com- 
poimds inasmuch as metals generally react with RX compounds to give 
R-R compounds. Sometimes the relatively drastic conditions neces¬ 
sary to effect such coupling are just those which involve p 3 T’olysis of 
the thermally labile types. 

2RM -* R-R + 2M 

GROUP L B-FAMILY 
[Cu, Ag, Au] 

The Grignard reagent has been used for the preparation of organo* 
copper,organosilver,and organogold compounds. 

CgHtMgl -|- Cul —> CeHsCu + Mglj 
CfrHsMgBr + AgBr -» CeHfcAg + MgBra 
C«HgMgBr + AuClCO -♦ CgHgAu + MgBrCl + CO 

A mixed compound of phenylsilver and silver nitrate has been obtained 
as follows: ” 

(C.H»).PbC,H* [or (C«H 6 ),SnC 2 Hg] -f AgNOa (CeHaAg)*-AgNO, 

This reaction illustrates the greater reactivity of unsymmetrical 
organometallic compounds, inasmuch as the symmetrical RiPb and 
RgSn compounds do not react with silver nitrate. 

The insoluble organocopper and organosilvei- compounds react in a 
normal manner with the more reactive functional groups. For example, 
the phenyl derivatives with acid chlorides give ketones; with allyl 
bromide (hey give allylbenzene; and with phenyl isocyanate, benzanilide. 
The organocopper compounds are more reactive, both on the basis of 
yields of products and the wider variety of functional groups with which 
they enter into reaction. However, neither the copper nor the silver 
compounds react with benzonitiile. Because of the high instability of 
RAu compounds no study has been made of this type with organic 
compounds having functional groups. 

•'R«ich, Compt. rtnd., m, 322 (1923). 

a Qflnuui and Stndey, li«e. Ira*, efctm., W, 821 (1930). 

** Knuw and W«>dt, B«r^ M, 2004 (1^). 

**Shara8cli and lab^ J. Am. Ckmn. Soc., BS, 2919 (1930); lor roMut invnrtigatiou 
'.fn abonistry ol OTganto aompowda ol gold aee Oibaon, JBril. Aatoc, AdMno#m«nl Sei. 

(1938) [C. A., 38, 2838 (1989)]. 

wd Sefamito. Bar., 81, SUO (1919). 

kV l , - 
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The most characteristic reaction of the univalent copper, silver, and 
gold compounds is the prompt and complete decompKjsition to R—R 
compound and metal. 

2C6H6M -» CeHs-CeHs + 2M 

With a selected R group, the order of decreasing thermal stability is: 
RCu, RAg, RAu. This is apparently just the opposite of the order of 
increasing relative reactivities toward common functional groups. 
Some of the compounds decompose explosively, and rubbing of a very 
small sample of dry phenylsilver results in a violent detonation. 

There are three other types of organogold compounds: RAuX 2 , 
RgAuX, and R 3 AU. Of these, the R 2 AUX compounds are most 
stable; they are generally best prepared in ether by the following 
reaction. 

AuBra 4- 2RLi —> BaAuBr + 2LiBr 
The R 3 AU types can be prepared in ether at very low temperatures. 

(CHjjaAuBr + CHjLi —» (CHs)aAu + LiBr 

The thermally labile trimethylgold can be stabilized by forming a 
complex with ethylenediamine or with a-aminopyridine. As general 
rules, arylmetallic compounds are more stable than alkylmetallic com¬ 
pounds, and methylmetallic compounds are more thermally stable than 
other alkyl types. 

The high instability of the copper, silver, and gold compounds may 
account for some transformations. First, a satisfactory procedure for 
the formation of R-R compounds is to treat an RMgX compound with 
copper or silver salts.Undoubtedly, in such reactions the RM 
compound is first formed and then decomposes to R-R and metal. 
Second, small quantities of copper halides accelerate reaction of the 
Grignard reagent with RX compounds and with nitriles.”’ It is 
possible that in such reactions the thermolabile organocopper compormds 
decompose to copper and free radicals, and that the latter may function 
catalytically by setting up chain reactions.**' Thermal decompo- 

Brain and Gilwon, J. Chem. Soc., 762 (19:19). 
r* Gardner and Borgetrora, J. Am. Chem. Soc., 51, 3375 (1929); Gilman and Parker, 
ibid., 45, 3823 (1924); Danehy and Nieuwland, ibid., 68, 1609 (1936); Joaeph and Gardner, 
J. Org. Chem., 6, 61 (1940). 

1* Danehy, Killian, and Nieuwland, J. Am. Chem. Soc., 6S, 611 (1936); Linn and 
NoHer, ibid., 68, 816 (1936). 

’‘Gilman, St. John, St. John, and Lichtenwalter, Ree. true, ehim., 55, 677 (1936). 

” (a) Kharaach and oo-workors, J. Am. Chem. Soc., 58, 2306, 2308, 2315, 2316 (1941). 
(5) Biokley and Gardner, J. Org. Chem., 6, 126 (1940); Gilman and Jonee, J. Am. Chem. 
Soc., 51, 2357 (1940). 
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sition of RM compounds in the presence of a solvent is not a simple 
reaction, and it may or may not involve free radicals.'^** Catalytic 
quantities of some metallic halides like cuprous chloride have recently 
been shown by Kharasch and co-workers ’*• to exert a pronounced 
^ect on the course of some Grignard reactions. Third, the inability of 
free radicals to pick up gold mirrors may be due to the uncommon 
thermal instability of organogold compounds. An ingenious indirect 
application of this idea was used in some free-radical studies. Neither 
methyl nor ethyl radicals would pick up beryllium deposited on quartz, 
po^ibly because of the beryllium reacting with the quartz. Accordingly, 
beryllium was first deposited on gold and then dimethylbcryllium and 
diethylberyllium were formed from methyl and ethyl radicals, respec¬ 
tively.’^ Fourth, there is a possibility that organocopper compounds 
are intermediates in the UUmann reaction, which involves coupling by 
heating an aryl halogen compound with copper. 

Cu 

2 o-NOjC 4 H 4 Br -> o-NOiCeH^—C6H4NO2-0 

From such a viewpoint the Ullmann reaction may be related to the 
Wurtz-Fittig reaction. The syntheses of diaryl amines and diaryl ethers 
from reaction of aryl halides with aryl amines and with salts of phenols, 
respectively, do not involve intermediate organocopper compounds. 

It is probable that organometallic compounds are formed transi¬ 
torily when metals are used as catalysts in the decomposition of RM 
compounds to R-R compounds. The decreasing order of effectiveness 
of some metals in converting diphenylmercury to diphenyl is: Pd, Pt, 
Ag, Au, Co, Cu, Fe, Zn; and the decreasing order for the decomposition 
of dibenzylmercury is: Pd, Pt, Ag, Au, Cu, Zn, Fe, Co.’** 

Photochemical Activation. Light has a marked accelerating effect 
on the rate of preparation of phenylsilver from phenylmagnesium 
bromide and silver bromide. Perhaj^ the first example of photochemical 
activation in the preparation of RM compounds was Frankland’s 
study of the reaction of tin and ethyl iodide. It is known that light also 
accelerates the formation of some organomercury compounds: methyl- 
mercuric iodide from methyl iodide and mercury, and benzylmercuric 
iodide from benzyl iodide and mercury. Also, ultra-violet light acceler¬ 
ates the formation of some organomagnesium iodides. The mechanism 
cS activation in these and other preparations of RM compounds may 

" Pimeth aad Loleit, /. CKem. Soe.. 366 (1935). 

* TTUmann and oo-worlceT«, Ber., 84, 2174, 3S02 (1901). 

»(a) Weaton and Adkina, J. Am. CKem. 80 a., 86, 850 (1928). (5) Raauvaev and 

Btr., tk. 854 (1983) ; Koton, B«r., M, 1213 (1033). See, also, Hodgaon ead Elliott, 
Awm 123 (1937). 

«• Ec«ald««d, Ann., 8». 329 (1853) 
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not be alike. With organomerouriaJs, there may be first a photochemical 
decomposition of mercurous iodide: Hg 2 l 2 —*• Hg + Hgl 2 . Then the 
very finely divided mercury acts upon the RI compound to give RHgl.® 
Apparently, the organic iodides are most responsive to photochemical 
activations concerned with the preparation of organometallic com¬ 
pounds. 

GROUP n. A-FAMILY 
[Be, Mg, Ca, Sr, Ba, Ra] 

Organoberyllium comp)ound3 are best prepared from beryllium chlo¬ 
ride and the Grignard reagent. 

BeCln + 2RMgX -» RjBe + MgXj -|- MgCb 

Dimethylberyllium crystallizes in white needles, and the low-molecular- 
weight dialkylberylliura compounds are volatile and inflanunable. The 
R 2 Be compounds and beryllium chloride give RBeCl, and an equi¬ 
librium like that with Grignard reagents is established. 

RiBe -b BeCU ^ 2RBeCl 

In general, the organoberyllium compounds show the reactions of 
Grignard reagents, but at a slower rate.“ 

Organobeiyllium and organom^nesium compounds are best set 
apart from the other RM compounds derived from alkaline-earth metals. 
For example, the organocalcium compounds not only react more readily 
than the corresponding RMgX compounds but also they occasionally 
show different reactions. A significantly different reaction is observed 
with some conjugated systems. As a rule, organoberyllium compounds 
and Grignard reagents add 1,4 to the conjugated system in a compound 
like benzalacetophenone.^**"' “ Organocalcium compounds add 1,2 to 
the carbonyl linkage (p. 511). 

The 1,2-addition to the carbonyl group of a conjugated system is 
characteristic of the more reactive RM types like the organolithium com¬ 
pounds. It is not surprising, therefore, to observe that, although 
phenylmagnesium bromide adds 1,4 to the lateral-nuclear conjugated 
system in benzophenone-anil, phenyllithium, -sodium, -potassium, and 
phenylcalcium iodide add 1,2 to give triphenylmethylaniline.*** 

(C,H6)2C=NCeH*-b (C,H5),CNHC^t 

•11,(ayn&rd, Am. Chwi, Soc^ S4. 2108 (1932). 

•« GUman and Sohulae, Md., *9, 2004 (1927); J. Chem. Soc., 2663 (1927). 

■'A particularly interesting exception is described by Bmitb and Hanson, J, Am. 
CAsm. iSoe., 67, 1326 (1936) ; Stevens, ibid., *7, 1112 (1936). 
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This is one of several illustrations which warrant the consideration of 
organoealcium compounds with the organoalkali compounds rather than 
with the Grignard reagents.®* Another is the reaction with azoben- 
zene.®** (p. 512). 

Incidentally, the definitely unlike t 3 ^ of addition of organolithiunl 
and -calcium compoimds to conjugated systems makes it possible to 
establish the interchange of metals in some RM reactions. For example, 
it has been postulated that a less reactive RM compound can be pre¬ 
pared from a more reactive RM compound and the halide of a metal 
which can form a less reactive organometallic compound. On such a 
basis one W'ould expect the following transformations. 


CeHsLi + Mgh -> C.HtMgl + Lil 
CsHjCal + Mgl 2 C»HsMgI + Calj 

There is no convenient way for isolating the phenylmagnesium iodide 
from such reactions. However, isolation is not necessary if the phenyl¬ 
magnesium iodide can be definitely characterized. The reaction of the 
resulting mixtures with benzalacetophenone provides a means for estab¬ 
lishing the formation of phenylmagnesium iodide. When benzalaceto¬ 
phenone is added to either reaction mixture only the 1,4-addition 
product is isolated, and none of the 1,2-addition product characteristic 
of RLi and RCal compounds is obtained. Recently,®' color test II has 
been used to establish the conversion of phenyUithiura to phenyl¬ 
magnesium iodide by means of magnesium iodide. 

Relatively little work has been reported on organostrontium and 
otganobarium compounds. However, from available information these 
RM types are of a relatively high order of reactivity which warrants 
their consideration with organoalkali compounds rather than with 
Grignard reagents. It is possible to arrive at their probable reactivities 
by an indirect procedure. 1,1-Diphenylethylene adds alkali metals in 
liquid ammonia to give organoalkali compoimds which when hydrolyzed 
yield 1,1-diphenylethane and 1,1,4,4-tetraphenylbutane.®* 


(C,H,),0=CH,-)-2Na 


{Cai.)«C-CH. + (C,H»).CCH,CH.C(C,fl,)j 

i lla i lla 


(C^I,),CHCH, {C,H.)*CHCHjCH,CH(C^,). 


In general, it may be stated that where there is a 1,4-addition or a 
dimeriring addition of a metal to 1,1-diphenylethylene to give 1,1,4,4- 
tetiinphenylbutane an RM compound of that metal will add to an 

MQjbnan, Kirby, liebtenwalter, and Young, Bee. trae. chim.., U, 79 (1936). 

Wooater and Ryan, J. Am. Chem. fine., M, 1133 (1934). 
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olefinic linkage. This is definitely true of organoalkali compounds 
like those of lithium and sodium. Under corresjxjnding conditions, 
calcium, strontium, and barium behave like lithium and sodium toward 
1,1-diphenylethylene in liquid ammonia. From this one may conclude 
that RM compounds of calcium, strontium, and barium are sufficiently 
reactive to add to an olefinic linkage.** 


GROUP n. B-FAMILY 
[Zn, Cd, Hg] 

Zinc. Alkylzinc compounds were the first organometallic com¬ 
pounds prepared. Their synthesis is readily effected by the action of 
zinc on an alkyl iodide or on a mixture of alkyl iodide and bromide.®'' 

CsHsI + Zn CaHsZnI 

The alkylzinc halides when heated give the R 2 Zn compound, 

(C2HB)2Zn -1- Znl2 

and the reaction can be reversed. The arylzinc halides are best prepared 
from the Grignard reagent, 

C6H6MgX + ZnX2 CsHsZnX + MgXa 

and the diarylzinc compounds from the mercurials.*® 

(?)-CH3C6n4)2Hg + Zn (p-CH3C6H4)2Zn + Hg 

For a long time, the organozinc compounds were used extensively for 
the synthesis of other RM compounds and for the preparation of ketones 
from acid chlorides, 

RCOCl + R'jZn (or R'ZnX) RCOR' -|- ZnX 2 

particularly by Blaise and co-workers.®* Latterly, however, they have 
been largely superseded by other organometallics, particularly by the 
Grignard reagents and organocadmium compounds. This has been due 
to the ease of preparation and manipulation of other RM compounds 
which are less inflammable and give better yields of products. 

Perhaps the only two present significant applications of the organo¬ 
zinc compounds are reaction with tertiary halides,*’ 

2(CHs)jCCl -H (CsH 6 ) 2 Zn —> 2(CH8)jCCjH8 -f- ZnClt 

•• Gilman and Bailie, J. Org. Chem., 8, 84 (1937). 

" NoUer, /. Am. Chem. Soe., #1, 694 (1929). 

“ Koobfiahkov, Nesmeyanov, and Potroaov. Ber., 67, 1138 (1934). 

** Blaiae, BvJH. eoc. chim.. (4] 6, I—3LXVI (1911). 
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and tJhe Befonnatsky reaction,“ which probably proceeds by way of an 
organoidnc compound. 

(CH,),C=0 + BrCHjCOsCjH* (CHa)jC—CHaCOsC^H* -5^ 

OZnBr 

(CHalsCCHaCOsCaHs 

I 

OH 

Organozinc compounds are probably formed as intermediates in some 
other reactions which proceed stepwise or by progressive substitution ** 
and not by the simultaneous removal of two halogens by zinc. 

CHjBrCOBr + Zn CHafZnBrlCOBr -♦ CH2=C=0 + ZnBrj 

BrCHaCHjCHjBr + Zn -♦ (BrZnlCHsCHjCHaBr -> (CHs)s + ZnBrj 

The organozinc compounds react less rapidly than the Grignard 
reagents, and this lesser reactivity is reflected in the use of a carbon 
dioxide atmosphere for the early manipulation of the inflammable dial- 
kylzincs, and the reaction with acid halides to give ketones rather than 
any significant quantity of tertiary alcohol. In general, the organozinc 
compounds not only show the same types of reactions characteristic of 
Grignard ref^ents, but the same general order of activity with selected 
functional groups (p. 501). For example, the relative order of decreasing 
reactivity of some functional groups in their reactions with R 2 Zn 
compoimds is; —CHO > —COCeHs > —CsN.”“ 

Cadmium. The organocadmium compounds are best prepared from 
anhydrous cadmium chloride and the Grignard reagent, and the RCdX 
or R 2 Cd compounds so formed need not be isolated but can be used 
directly as can RMgX compoimds. They are less reactive than the 
organozinc compounds and like the organozinc and RMgX compounds 
add in a normal manner to the reactive carbonyl group in benzaldehyde. 
Accordingly, a slowly developed color test is to be expected with 
Michler’s ketone, and the time required for a color test illustrates strik¬ 
ingly the relative reactivities of the organozinc, -cadmium, and -mercury 
compounds. Under corresponding wnditions, the time required for a 
color test with diethylzinc is 27.5 hours; with diethylcadmium, 100 
hours; and with diethylmercury, in excess of 1000 hours.** 

•• Balonnatoky, Ber., 30, 1210 (1887); Nieuwinnd ud Daly, J. Am. Chem. Soc., >S, 
tm (1931). 

« Midtari and CarU»n, J. Am. Chem. Soc., Mt, 363 (1936). 

*■ <40 CHlmaa and Marple, See. troe. chim., H, 133 (1936). (b) de BenneviUe, /. Org. 
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This relatively slow rate of addition of diethylcadmium to the car¬ 
bonyl linkage indicates that organocadmium compounds might react 
satisfactoiily with acid chlorides to give ketones, and that reaction 
would be arrested at ketone formation. Actually this happens, and 
organocadmium compounds are now some of the reagents of choice for 
the formation of ketones from an acid chloride or an acid anhydride and 
an RM compound.’®' 

Mercury. The history of organozinc and organomercury com¬ 
pounds reveals in a striking manner how the emphasis on particular 
organometalUc types has .shifted. The zinc and mercury compoimds 
were not only among the first organometallic compounds to be discov¬ 
ered, but they were early developed in so successful a manner that for 
a long time they dominated the field of organometallic compounds. 
Their extensive applicatioiLs as tools for syntheses included the prep¬ 
aration from th(>ra of many other RM compounds. Today, they not 
only have a highly restricted use for the preparation of other organo¬ 
metallic compound.s, but are actually best prepared, generally, by means 
of other RM compounds, particularly the Grignard reagents. 

llMgX + HgX2 RHgX 
2RMgX -I- HgXj RsHg 


There are numerous methods for the preparation of mercurials, and, 
in general, they can be formed wherever an easily replaced hydrogen 
atom is a^'ailablc or where a group is readily replaced by a hydrogen 


atom. 


RH -H HgXj 
RB(0II)2 + HgXa 
RSO 2 H + HgXj 


—HX 



—SOa 


—HX 


-COj 


—2CuX 

<- 

—Nj 

—MeXj 


RCO 2 H + HgXj 
RN 2 X -t- HgXa + 2Cu 
RMgX + HgXj 


Obviously, since organomercuriaJs are cleaved by mineral acids the 
latter must be removed in order to effect reaction. 

Incidentally, the several methods for the preparation of organo- 
mercurials illustrate an application of mercurials as derivatives for the 
characterization of less stable or less definitive types. A more restricted 
application of mercurials as derivatives depends on the addition of a 
basic mercuric salt to ethylenes and acetylenes.**" This reaction may 

»• (o) Wright, J. Am. Chem. Sae., #7. 1993 (1936); Nesmeyanov and Freidlina, Ber., 89. 
jggj Sco, aJao, Connor and Van Campon, J • Am. Cham* Soo., 8S, 1131 (1936), for 

the use of mercuric chloride in a eeneral test for methylene eompounda. (h) Brown and 
Wright, ibid., 6*. 1991 (1940). 
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be of possible dia^ostic value in differentiating cis and traTis isomers 
by the rates of formation of some mercurials. 

RCH=CHR + Hg(X)(OCH») RCH(OCH8)CH(HgX)R 

HgX 

RC^CR + 2Hg(X)(OH) RC-CR -h- RCCHaR 

/\ I II 

OH OH HgX O 

The reaction with acetylenes is exemplified by the industrial conversion 
of acetylene to acetaldehyde. 

Organomercurials are the least active organometallic compounds in 
the first two groups, and this is reflected in the fact that they are the 
only organometallics in the first two groups which can be manipulated 
in water and other hydroxylated solvents. The only unsaturated func¬ 
tional group to which they add after the manner of reactive RM types 
is the carbonyl group in a highly reactive compound like ketene or, 
very slowly, with Michler’s ketone. 

H,0=c=0 4- C JI»HgBr H,C==C—O—HgBr -> H 5 C=C—Oil n,CC=0 

iai. d^ais ieH, 

The same reaction, of course, occurs with organozinc and organo- 
cadmium compounds, the organozinc compounds reacting most .smoothly 
to pve the highest yields of methyl ketones.** As a rule, ketones are 
formed with difficulty from mercurials and acid halides, which is in 
sharp contrast with the related reactioas of the zinc and cadmium com- 
poimds. Likewise, RX compounds undergo highly r&stricted meta- 
thetical reactions with organomercury compounds. 

However, the halogens (particularly iodine) react smoothly.** 

RHgX + I* Rli- HgXI 

Also, the nitro and nitroso groups can be introduced.**” 

R^X 4- NOCl RNO 4- HgXCl 

A related reaction, in which nitroso compounds may be intermediates, 
is the formation of diazonium nitrates by interaction of N 2 OS and 
K 2 O 4 with RaHg and a variety of other RM compounds.*®* These are 
some of the more important replacement reactions of arylmercurials. 

•♦Hurd, Jones, wad Bluncfc, J. Am. CKem. Soc., 67, 2033 (1036). Hurd and Roe, iWd., 
IKt., 3S66 (1930), observed no reaction between ketene and tetraethyllead. 

■** Whitnlora and Thorpe, ibid., 66 , 782 (1933). See, also, Whitmore, "Organic Com- 
, Mweury,” Chemical Catalog Co., New York (1921), pp. 87-73, 

^ and Taylor, J. Am. Chem, Sac.. 67, 2400 (1936). (6) Makarova and Nos- 

<?*!«• Chem. 9, 771 (1930) [C. A.. 84, 301 (1040)]. 
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Some other reactions of mercurials have already been considered, 
like the preparation of organoalkali compoimds and the cleavage of 
unsymmetrical mercurials by acids. 

Inasmuch as mercuration of aromatic nuclei is not only a relatively 
mild reaction compared with nitration and bromination, but also'leads 
sometimes to substitution in otherwise inaccessible positions, mercura¬ 
tion finds itself peculiarly adapted for many aromatic syntheses. A 
striking illustration of the relative ease of mercuration is found with 
dimethyl furan-2,.5-dicarboxylate. This compound is inordinately 
resistant to typical nuclear substitution reactions like nitration, sulfona- 
tion, bromination, and the Friedel-Crafts reaction; however, mercuration 
replaces ^hydrogens. 

I- 1 h*(OA <!)2 I-|HgOAc ^ AcOHg|-jHgOAc 

CHiOjCko-JcOjCHs ^ CHjO^cLqJcOsCH, CH,Ojav.oJcO,CH, 


Inasmuch as a-hydrogens in furan undergo prompt and smooth nuclear 
substitution reactions it is not surprising to find that furan is mercurated 
almost instantaneously at room temperature. 



Hg(0Ac)3 
-> 


Q 


UgOAc AcOHgt^Q^HgOAc 




The general equilibrium between mixed and simple organometallic 
compounds is observable with mercurials. 

2RHgX ^ R2Hg + HgXz 

Any reagent which removes mercuric salt from the zone of reaction wiU 
shift the equilibrium to the right, and this is accomplished chiefly by 
reducing agents such as sodium, stannous chloride, sodium thiosulfate, 
and hydrazine. 

In the Zn-Cd-Hg scries, the thermal stabilities of the organometallics 
apparently decrease with increase in atomic weight, as in the adjoining 
Cu-Ag-Au series in the B-Family of Group I. However, the order is 
reversed with reactions like oxidation and cleavage by active hydrogen 
compounds: the organozinc compounds are most inflammable and most 
readily cleaved by water or other reagents having acidic hydrogens. 
The high inflamma bility of organozincs and the high toxicity of organo- 
mercurials have necessitated special manipulative procedures which, 
in turn, have encouraged the greater development of other organo- 
metallics. However, it should be emphasized that convenience in 
manipulation may be secondary in importance to inherent differences 
in chemical reactivity which warrant the use of one RM type rather 
than another. We need only recall that the highly reactive organoalkali 
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compoiinds were extensively developed despite the early need of special 
apparatus and technique. The matter of toxicity is also to be weighed 
against other properties. Numerous RM t 3 rpes are toxic, and, although 
mercurials are more toxic than many other RM compounds, it is possible 
by the proper introduction of substituents to get mercurials of high 
therapeutic value. 

GROTJP m. A-FAMILT 
[B, Al, Sc, Y, La, Ac] 

Boron. The trialkyl- and triarylboron compounds are best pre¬ 
pared from boron trifluoride and the Grignard reagent.*'' 

3RMgX + BFs -» RsB + MgXj 

It has been shown recently that the R 3 B compounds actually undergo 
tjrpical organometallic addition reactions to the carbonyl group in such 
compounds as benzaldehyde and phenyl Lsocyanate.*® This suggests 
that boron partakes more of the nature of a metal than a metalloid, and 
is corroboratory evidence for the metallicity of boron. However, such 
addition reactions are slow, and direct comparison.s with related zinc 
and aluminum compounds show that the order of relative reactivities is: 

R 3 AI > RsB > RsZn 

In such reactions, only two of the R groups are involved under cus¬ 
tomary conditions, and one of the products is a monosubstituted boric 
add, RB(0H)2- These organic boric acids are quite stable, and actu¬ 
ally phenylboric acid can be nitrated by means of fuming nitric acid to 
give the three isomeric nitrophenylboric acids [N 02 C 6 H 4 B( 0 H) 2 ], with¬ 
out any significant cleavage of the phenyl-boron linkage.** 

The disubstituted boric acids, R 2 BOH, which are solids like the 
monosubstituted boric acids, indicate the relative inertness of organo¬ 
boron compounds, for here, too, a given molecule contains not only the 
organometallic linkage (carbon-boron) but also the active hydrogen 
present in the hydroxyl group. In general, it appears that organoboron 
compounds may be anomalous with respect to cleavage by active or 
acidic hydrogen, for the simple trialkylboron compounds are spontane¬ 
ously inflammable and yet imcommonly resistant to the action of water 

**KrBU 80 and Nituche. Ber.. U, 1261 (1922). 

**,Gilauui and Marple, Rec. ^ar. chim., N, 76, 133 (1936). 

•• Snaouin and Johtuon, J. Am. Chem. Soe., #8, 711 (1031); AInley and Challenger, 
Cktm. Soe.. 2171 (1030). See. alao, Betttnsn. Branch, and Yabroff, J. Am. Chtm. Soe., 
Mr (103^. for the diaaocaation conetante of subetituted phmyiborio ecida. 
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and alcohol. Trimethylboron is the only known gaseous organometallic 
compound. 

Tri^kylboron and triarylboron compounds form addition compounds 
with nitrogen bases like ammonia and a wide variety of amines to give 
ammines. 

RjB + NHa RsB NHa 

A related reaction is observed with sodium. 

(CsH6)aB + Na -♦ (C6H6)8B-Na 

and on the basis of this and other evidence it has been suggested that 
triarylboron compounds might be considered as free radicals, analogous 
to triarylmethyls. Both triphenylboron and triphenylmethyl add 
sodium from dilute amalgam, and in both cases the sodium is removed 
by mercury.^®® Tri-a-naphthylboron adds two atoms of sodium, and 
the second atom is held much less firmly than the first. 

Aluminum. Trialkylaluminum compounds are prepared from 
aluminum chloride and the Grignard reagent; and triarylaluminum 
compounds from aluminum and the mercurials. The mixed organo- 
aluminum compounds are conveniently prepared by direct interaction 
of aluminum with some RX compounds.*®’“ 

RX + A1 RsAlX + RAIX 2 

The organoaluminum compounds either fume or are spontaneously 
inflammable. They undergo many of the reactions of Grignard reagents, 
but at a .slower rate. Like the corresponding boron and zinc compounds 
they react with typical functional groups at rates which place the fimc- 
tional groups in an order of relative reactivities like that established 
with Grignard reagents: —CHO > —COCeHs > —C^N.'®** 

However, mixed organoaluminum etherates react with ketones to 
give highly condensed products. This raises a question concerning the 
intermediate formation of organoaluminum compounds in the Friedel- 
Crafts reaction. It w'as originally suggested by Friedel and Crafts that 
the reactions which later came to bear their name proceed by way of 
organoaluminum compounds.*®’’® It is possible, under drastic condi- 

100 3ent and Dorfman, J . Am, Chem, Soc., 67, 1259 (1935); Rrauae and oo-workers, 
Btr., 89. 777 (1926) ; Ber., 68, 2347 (1930). 

(o) Hnizda and Kraus, J . Am. Chem. Soc., 60, 2276 (1938); GUzaan and Apperaon, 
J. Org. Chem., 4. 162 (1939): Groan and Mavity, ibid., 6, 106 (1939). (6) GiUnan and 
Marple, Rec, trae. chim., 66, 133 (1936). 

(o) Priodd and Crafts, Ann. chim. pht/g., [8] 14. 433 (1888). (5) Pace, A«t aeead. 
I^inpei, 10. 193 (1929) [C. A., 14. 1360 (1930)]. 
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lions, to effect the following reaction between boron trichloride and 
benzene.*®** 

C«H. + BCl* -> C.H»BC1, + HCl 

However, even if it be granted that the related aluminum chloride will 
react in an analogous maimer and under the relatively moderate condi¬ 
tions existing in a Friedel-Crafts reaction, it is still necessary to consider 
the relative reactivities of mixed compounds like RAICI 2 and R 2 AICI. 
Confining attention to the two most important Friedel-Crafts reactions, 
ketone formation and alkylation, present evidence is inadequate to rule 
out the participation of intermediate organoaluminum compounds t/ 
such organometallic compounds are formed. Complexes between 
ketones and aluminum chloride do not give condensation products when 
treated with organoaluminum halides under moderate conditions, and 
the ketones are recovered upon hydrolysis. Furthermore, highly satis¬ 
factory yields of ketones and keto acids are obtained by interaction of 
ether-free organoaluminiim halides with acid chlorides or acid anhy¬ 
drides. 

In alkylation reactions, etherates of phenylaluminum iodides 
and alkyl iodides yield small quantities of homologs of benzene together 
with large amounts of resins.’®* However, when ethcr-frec organo- 
aliuninum halides are used, the homologs of benzene are obtained in 
satisfactory yields with no resin formation. 

Scandium, Yttrium, and Lanthanum. Triethylscandium and tri- 
ethylyttrium have been prepared from the metallic chlorides and ethyl- 
magnesium bromide. These organometallic compounds have been 
described as liquids which oxidize readily and are decomposed promptly 
by water.*®* 

Free alkyl radicals have been shown ’®* to react readily with lan- 
thaniim by the Paneth technique. This indicates that a compound 
like trimethyllanthanum may have been prepared, even though there 
is no present information concerning its properties. 

*®'Leone and co-worken. (Ton. chim. iial., ft, 294, 301, 306 (1025). 

»•* Pleto, Compt. rend. aead. tei. U.R^.8., 80, 27 (1938) [C. A.. 88, 2106 (1939)]. 

^ Rice and Rice, “The Aliphatic Free Radical*,’' The Jobna Bopkina Preea, Bidtimore 
(1036). p. 68, 
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GROUP m. B-FAMILY 

[Ga, In, Tl] 

The R 3 M types of gallium,^"* indium,*'” and thallium*®* are generally 
prepared by reaction of the metal with a mercurial or by interaction 
of the halide salt with RMgX or RLi compounds. 

In general, these compounds are of moderate reactivity, but less 
reactive than the Grignard reagent. For example, they react with 
benzaldehyde, bcnzalacetophenone, and benzoyl chloride, but not with 
benzonitrile. As evidence of their moderate reactivity they undergo 
1,4-addition, but no 1,2-addition, with bcnzalacetophenone (p. 511). 
Also like other moderately reactive RM compounds, they react more 
promptly with benzoyl chloride than with benzophenone (p. 501). 
Although only one phenyl group in triphenylthallium reacts under 
customary conditions, all three groups in RsGa and Rain compounds 
are involved with some reactants. In this latter connection it is of 
interest that diphenylindium iodide and phenylindium diiodide react 
with benzoyl chloride,'®*'* 

The following order of decreasing reactivities has been estab¬ 
lished: *®*‘*' *»*“ Rain, RaGa, R 3 TI. 

Three incidental reactions are noteworthy. First, both triphenyl¬ 
thallium and diphenylthallium bromide react with metallic mercury 
to give diphenylmcrcury.'®®'* These metal-replacement reactions, which 
are probably equilibria, are interesting because of the ready formation 
of a less reactive RM' compound (diphenylmercury) from an RM 
compound and a metal. Second, a prompt metal-metal interconversion 
occurs between triphenylthallium and w-butyllithium.'®* 

(C6H6)3T1 "b 37J-C4H9bi —> SCeH^Li -b (7i-C4H9)8Tl 

Third, triphenylthallium is converted in a boiling xylene solution 
to phenylthallium and biphenyl.*®* 

(C6H6)3T1 ^ CsHeTl -b CjHs-C.Hs 

This phenylthallium is actually more reactive than triphenylindium 
and decidedly more reactive than triphenylthallium, but le® reactive 

(a) Gilman and Jones, J. Am. Chem. Soc., 68, 980 (1940). (6) Dennis and Patnode, 
ibid., S4i 182 (1932); Kraus and Toonder, tbid., 66, 3547 (1933); Renwans, B«r., 66, 1308 
(1032). 

lor (a) Gilman and Jones, J. Am. Chem. Soc., 68, 2363 (1940). (b) Dennis, Work, 
Rookow, and Chamot, ibid., 86, 1047 (1934); Sohumb and Crane, ibid., 60, 306 (1938). 

™ (o) Gilman and Jones, ibid., 61, 1613 (1939). (6) GioU, ibid.. It, 2998 (1930) ; 
Memdes and Cope, J. Chem. Soe., 2862 (1932) ; Birch, ibid., 1132 (193^. 

‘®' Oilman and Jones, J. Am. Chem. Soe., 68 , 2367 (1940). 
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than a Giignard reagent like phenylmagnesium bromide. In the 
absence of a reactant, the transitorily formed phenylthallium is readily 
converted to triphenylthallium and metallic thallium, probably by way 
of diphenylthallium. 

6C*H(T1 -♦ 3T1 + 3(C«H6)8T1 -» TH- 2(C,H6),T1 

Cohrdination Compounds (p. 1879). Organogallium compounds are 
peculiarly appropriate for illustrating some effects of coordination com¬ 
pounds in organometallic chemistry. The simple triethylgallium 
[(C 2 H 6 ) 3 Ga] reacts violently with water; the ethcrate [(C 2 H 5 ) 3 Ga- 
(C 2 H 5 ) 20 ] vigorously; and the ammine [(C 2 H 5 ) 3 Ga-NH 3 ] only very 
slowly. 

Triphenylgallium only gives a Michler’s ketone color test when an 
excess of the RM compound is heated in a benzene solution with the 
ketone. The color which develops is much weaker than that observed 
with the related triphenylthallium, which is less prone to form co¬ 
ordinate linkages. 

Varying coordination effects of solvents may influence profoundly 
the relative reactivities of RM compounds. For example, an ether 
solution of Michler’s ketone with one equiv'alent of phenylmagnesium 
bromide regenerates most of the ketone on hydrolysis.^®”' ® However, 
when benzene is used as the medium, there is less tendency for coordi¬ 
nation formation, and addition to the carbonyl group to give a carbinol 
is pronounced. Phenyllithium, which is distinctly more reactive than 
phenylmagnesium bromide, has very little tendency to form codrdina- 
tion linkages. Actually, phenyllithium reacts promptly with Michler’s 
ketone, in either benzene or ether, and none of the ketone is recovered 
on hydrolysis. 

Several broad generalizations can be made concerning coordination 
compounds in organometallic chemistry. First, the slow reaction or 
the essential absence of reaction between some carbonyl-containing 
comiwunds (like ketones and esters) and moderately reactive RM 
compounds is due in part to the formation of coordination compounds. 
Second, the less reactive RM compounds have a generally greater 
tendency to form coordinate compounds. Third, the variations in the 
order of reactivities of some functional groups (p. 501) with different 
RM compounds may find an explanation in the varying stabilities of 
Oodrdination compounds. Fourth, the generally greater reducing action 
of moderately and less active RM compounds may be due, in part, 

, QSktum and Jonea, ibid., tS. 1243 (1940); «3, 1103 (1941). (b) Pfeiffer utd 

393intfc, pmki. Chem., US, 343 G^30). See, also, Shrioer and Sharp. J'- Org. Chtm., 4, 
9711 ( 1 «»^ 
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to the greater tendency of such compounds to form coordinate linkages, 
h ifth, solvents can i^kedly influence RM reactions os a consequence 
of varying coordination tendencies. 


GROUP IV. A-FAMILY 
[Ti, Zr, Hf, Th] 

Numerous attempts have been made to prepare organotitanium and 
organozirconium compounds, but without unequivocal success.!” 
Titanium and zirconium chlorides are reduced to lower halides, and 
possibly to the metals, in reactions with RMgX and RLi compounds. 
In these reactions, tlie R groups may couple; disproportionate to give 
^ "I" H and R H compounds; or abstract hydrogen from the solvent 
to give RH compounds. The nature of the R group has a marked 
influence, phenjd radicals giving predominantly biphenyl, and methyl 
radicals almost exclusively methane.!** 


GROUP rv. B-FAMIty 
[Ge, Sn, Pb] 

Gennanium. In 1871 Mendeltoff predicted that ekasilicon (ger¬ 
manium) would form volatile organometalbc compounds such as the 
tetraethyl derivative. This was verified in 1886 by Winkler, who dis¬ 
covered germanium. During an interval of about forty years practi¬ 
cally nothing was done with these organometallic compounds, but 
more recently the field has been enriched, particularly as a consequence 
of the studies by Morgan and Dennis and Kraus. 

The simple oi-ganogermanium compounds are best prepared by 
interaction of germanium tetrachloride with either the Grignard reagents 
or organozinc compounds. Two special methods of preparation are 
noteworthy. One is direct metalation of amines which undergo facile 
nuclear substitution. 

2(C2H6)!.NC,Hj + 2 GeCl 4 --> [(CjHOsNCsHiGeOJaO 

The other is an interesting reaction w'hich has also been used for organo- 
t.in and organolead compounds. 

[Ge++Clj]-D8+ + RI RGeCU ■+■ Csl 

P»ternd and Peratoner, Ber., S3, 467 (1889): Raauvasv and Bogdanov J Gen. 
Chem. (V.S.S.R.). 3. 367 (1933) [C. A.. 38. 2340 (1934)]; Pleta. Ond., 8,1298 (1938) IC. A, 
SS. 4193 (1939)]. 

u'Tohakirian and Lewinaohn. Ann. chim., 13, 416 (1939). 
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In this reaction, it is essential that the metal in combination with 
halog@a does not have its maximum electrovalenoe and that it can in 
addition form a complex with alkali halides. 

There is a regular gradation in properties of the compounds having 
R groups attached to carbon, silicon, germanium, tin, and lead. First, 
the thermal stabilities decrease so that organolead compounds are the 
least stable thermally. Second, the tendency to form large molecules 
with the central element joined directly to itself decreases in the same 
order. A compound having six germanium atoms has been prepared as 
follows, 

C«HiGeClj -f- K —> —G c— -Ge-Ge-^Ge-G c ' -Ge— 

I I I I I I 

CsHj CdHs C«Hs C«H 4 Cells Cell) 

the terminal valences not being united to give hexaphenylgermano- 
benzene, as was supposed originally.**® Third, the tendency to form 
mixed hydrides like RMH 3 , R 2 MH 2 , and R 3 MH is lowest with the 
organolead compounds. Fourth, the rate of cleavage by halogens or 
acids is greatest with organolead compounds. 

ReM + Xi ReMX, RjMXs, RMXs + RX 

ReM + HX R,MX, R^MX, + RH 

Fifth, although none of the compounds adds to a simple unsaturated 
linkage like the carbonyl group in aldehydes, the organometallic com¬ 
pounds undergo cleavage with acid halides and some reactive alkyl 
halides, the organolead compounds ^ain being cleaved most readily. 

R<M + R'COCl RCOR' 

R 4 M + CHF”CHCH,Br -> RCHjCH-=CH, 

Tin. The best general method for the preparation of simple 
organotin compounds, both aliphatic and aromatic, is the reaction 
between a stannic halide and the Grignard reagent. 

4RMgX + SnCl) -♦ R«Sn + 4MgXj 

Among special methods for the preparation of organotin compounds, 
three are of particular interest. In the Meyer reaction, an alkylstanmc 
add is prepared from potassium siannite.**® 

KSnOOK -b RI RSnOOK + KI 

®f*Salrmrs Aod Schmeiaaor, M, 679 (1936). 

Ser., 1«, U3S* (1883): Pfeiffer and Lehnardt. Bvr., 86, 1034 (1908). 
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Another method is illustrated by the following reaction: 

R2Hg + SnXj —> R2SnX2 + Hg 

In a third procedure, the double salt of a diazonium compound with 
stannic chloride is treated with a finely powdered metal like copper.*^** 

(RN2Cl)2-SnCl4 RzSnCla 

The conversion of R4Sn compounds to RsSnX, R 2 SnX 2 , and RSnXa 
types can be effected not only by halogens and halogen acids, as men¬ 
tioned previously, but also by interaction with stannic halides. 


RiSn + SnCl4 RaSnCl, R2SnC]2, RSnClj 


These reactions can be carried out in stages so that a 75 per cent yield 
of triphenyltin chloride is obtainable from tetraphenyltin and stannic 
chloride. Related cleavage reactions can be realized with other com- 
binations.^'^ 


R^Sn + 2RSnX3 
R,SnX-|- RSnX, 
2R3SnX + SnXi 


-> R2SnX2 


R 4 S 11 + RjSnXj RsSnX 


Cletfvage is also effected by a variety of organic compounds con¬ 
taining halogen, among which are the alkyl and acyl halides mentioned 
earlier; by hydrogen; and by sodium in liquid ammonia.^^®* 

The mixed organotin halides react with sodium in liquid ammonia 
as follows: 

R2SnX2 4 Na —^ R2SnNa2 “b 2 NaX 

The sodium-tin compounds, R 2 SnNa 2 and RgSnNa, are useful syntheti- 
csdly, and among their many transformations is hydrolysis by ammonium 
chloride or bromide to give hydrides. For example, disodiumdiphenyltin 
gives diphcnyltin dihydride.^^’ 

(C«H 6 ) 2 SnNa 2 + 2NH«Br —» (C«H5)2SnH2 -b 2NaBr -b 2NHt 

n» (o) Nemtieysmor and KoohSahkov, Ber., 63, 2496 (1930>. (6) Kocheahkov, Nea- 
meyanov. and KUmova, J. Gen. Chem. {U.S.S.R.), 6, 167 (1936) [C. A., 80, 4834 (1936)]. 
(c) Kooheahkov. J. Oen. Chem. (V.S.S.R.), 6, 211 (1936) [C. A., t», 6071 (1935)]; Boba- 
abinakava and Korhaahkov, 4btd., 8, 1860 (1938) (U. A., 33, 6820 (1939)]. 

*^*(a) Boat and Borgatrom, J. Am. Chem. Soc., 51, 1923 (1929). <b) Eiaua and Sea- 
aions, ibid., 47. 2361 (1926): Krana and Foater, ibid., 49, 457 (1927). 

Cbambera and Scherer, ibid., 48, 1054 (1926). 
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Lead. The preparation and properties of organolead compounds 
are very much like those of organotin compounds.^^* Tetraethyllead, 
the most important organolead compound, is prepared technically, 
for use as an anti-knock compound, from ethyl chloride and sodium-lead 
alloy. 

CjHiCl -I- Na{Pb) (C 2 H*) 4 Pb 


The following reactions used for the preparation of an organolead 
compound having four different groups attached to lead illustrate the 
preferential cleavage of radicals and the general procedure employed 
for the synthesis of a wide variety of unsymmetrical organometallic 
compounds (p. 424). 


HCl nCiHjMiBr 

(C«Hj)4Pb -> (C.HslaPbCl- - > (C.HOsPbCsHrU 


Ha 
—> 


(C<,H6)(n-CsH7)PbCl2 


o-CHrf^efbMgBr 
- ^ 


(C«H j)(n-C,H7)Pb(C6n4CH8-o) 2 


(C6HB)(n-C3H7)(o-CHjC,H4)PbCl 


It will be observed that experimental conditions can be so ordered 
that hydrogen chloride cleaves one or two radicals, as is also true of 
cleavage by halogens. The order of increasing ease of cleavage of radicals 
is: n-propyl, phenyl, o-tolyl. Somewhat related reactions have been 
used for the synthesis of asymmetrical organogermanium and organotin 
compounds, both types bc'ing subsequently resolved to optica) isomers. 

No organolead compound has as yet been resolved. When the 
phenyl-n-propyl-o-tolyllcad chloride was ti-eated with an optically active 
organolithiiun compound, 

C8H7 CH, C,H, CH. 

I III 

C»He—Pb—Cl + LiC»H40—C—H C.H»—Pb—C,H40—C—H 

I III 

Cdl4CH, C»H„ C,H4CH, Cdli» 


the resulting optically active compound was an oil which could not be 
separated into its two diastereoisomers. 

An interesting and ingenious application of radioactive organo- 
aae t allic compounds might be mentioned here. In quantum jdeld studies 
eoaoerned with the photochemical decomposition or photolysis of 


C ^ Mn g ae irt, Chem. Bet., S, 43 (1923); OHman uid BaUis, J, Am. Chem. Soe., SI, 731 
^ AiWtin, /. Am. Chem. Soe., W, 2948 (1B33). See, eleo. Krauae and SlAlSttis, Ber„ 

m, m iivm- 
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organolead compounds, the quantities of free radicals formed are so 
small that ordinary anal 3 i;ical methods are inadequate for their exact 
measurement. Accordingly, the extremely sensitive method of radio¬ 
active indicators has been employed. The metallic mirror used to cap¬ 
ture the free methyl and ethyl radicals is a radioactive metal like 
radium D. Actually, the radioactive deposit is so slight as to be invisible, 
but it suffices to pick up the free radicals; and the newly formed alkyl- 
radium D compounds prepared in this manner are carried along to a 
cooled part of the tube (the Paneth technique) (p. 613) and measured 
by the usual, highly sensitive radioactive methods.'^®" 


GROUP V. A-FAMILY 
[V, Cb, Ta, Pa] 

There is no decisive evidence for the existence of an organometallic 
compound derived from a metal in the A-family of Group V. Several 
inorganic vanadium compounds, particularly the halides, have been 
treated with Grignard reagents. The general products are reduced 
vanadium salt.s, R-R compounds, and possibly some organovanadium 
compounds. 

Columbium pentachloride and tantalum pentachloride react with 
aromatic hydrocarbons, evolving hydrogen chloride and yielding 
intensely colored, non-crystalline compounds of the following types: 


CbCbCioH;, TaCbCjHs, TaCljfCioHrlj 

Related compounds have been reported from reactions with vanadiiun 
tetrachloride.^'*’ 

It appears likely that greater success will attend the preparation of 
these RM types if the Grignard reagent or other moderately reactive 
organometallic compounds be treated with halides in the lowest valence 
state. The reaction between tantalum pentachloride and RMgX or 
RLi compounds leads to the formation of a lower halide of tantalum 
and RH compounds, methane being the chief hydrocarbon when CH 3 M 
types are used. 

iM I^eighton and Mortenaen, y. Am, Chem. Soc.^ W, 448 (1936); see, edeo. Burton, 
Riooi and Davis, ibid., 62, 266 (1940), (6) Vernon, iWd., 53, 3831 (1931); Kirsanov and 
Saronova, /■ Oen, Chem, {U,8,8,R,h 966 (1936) [C, A.. 30, 1026 (1936)]. 

(a) Funk and Niedorl&nder, Ber., 64, 1386 (1928). See Atana^ev, Chemidiry <fc 
Jnrfwrfrif. 59, 631 (1940), oonoeming the possible formation of hiiddy unstable phenyltan- 
t s hyT Ti (6) Mwtes and Fleck., y, Ind, CAsw., 7, l^^ST (1916). 
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GROUP V. B-FAMILY 
[Sb, Bi] 

Tbe trialkyl and triaryl derivatives of nitrogen, phosphorus, arsenic, 
antimony, and bismuth show regular gradations in properties. Many 
of the variations in properties might have been predicted on the basis of 
organometallic characteristics reaching a maximum with the bismuth 
compoimds. (1) The thermal stabilities decrease with increasing atomic 
weight of the central element. ( 2 ) The inflammability is greatest with 
the organobismuth compounds. (3) The tendency to form R 3 MX 2 
types by the addition of halogens decreases with descent in the family. 
AlkylaSb + X2 ^ AlkyljSbXi 

Actually, the trialkyIbismuth compounds do not give such salts; instead 
one or two R groups are cleaved. 

AlkyUBi + Xj AlkybBiX + Alkyl BiXj + Alkyl X 

The triarylbismuth compounds add halogens to giv'c triarylbismuth 
dihalides. (4) The formation of onium compound-s, by addition of an 
alkyl iodide, decreases generally. Trimethylantimony adds methyl 
iodide slowly to give tetramethylantimony iodide, 

(CH,)sSb + CH*I -♦ (CHa) 4 SbI 

but trimethylbismuth does not add methyl iodide. 

The best general method for the preparation of trialkyl and triaryl 
compoimds of antimony and bismuth is tlie reaction between a halide 
and the Grignard reagent. 

SbClj + CHaMgl (CH8),Sb 

Bids + CaHaMgBr (CeHalsBi 

The Bart reaction used for the preparation of arsonic acids is 
applicable to the stibonic adds, Aryl-Sb 03 H 2 , but not to the analogous 
bismuth compounds. However, it has recently been shown that organo¬ 
bismuth compounds can be prepared from diazotdum compounds by 
the following typical sequence of reactions.^' 

2C«H»N*C1 + BiCl,-> (C«H»N*Cl), BiCl, 

Ctt 

(C.HsN,Cl),BiCU-(C»H»)jBiCl 

3(C«H»),BiCl 2(C,H*),Bi 

(«) DaviM, Norvick, and Joaes, Bvfl. toe. Mm., 49, 187 (1031). (b) Bart, Ann., 4M, 
SPI (1^). (c) Gilmsn and Ysbhmlcr, J. Am. CHum. Soe., M, 949 (1941). (d) OShnan and 
^lllblnokjr, Und., fiS, 665 (1940). S««OQmaaasd Barnett, Rte.Iran.dam., IS, S63 (1936), 
Ufa kydrozitte for etmvartins otbar RMX oompoundo, like RH9X, to ti>e ooiv 
RfM typeo. 
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Tbe intermediate compounds have been isolated; and hydrazine appears 
to be a reagent of choice for converting arylbismuth halides to triaryl- 
bismuth compounds.'^** 

Studies by Challenger and co-workers, particularly with organobis- 
muth compounds, have demonstrated that organobismuth compounds 
undergo more ready cleavage than organoantimony compounds. The 
cleavage reactions have been carried out with a wide variety of inorganic 
halides and some alkyl and acyl halides.^^® 

(CjHBlaBi + HgCU ^ CeHsHgCl + (C«H6)2BiCl 
(C«H6)8Bi + CeHsCHjCl CeHiCHjCeHj + (C6H6)2BiCl 
(C,H6)3Bi + CH3COCI CeHtCOCHs + (C.HsljBiCl 

No addition of either an organoantimony or an organobismuth com¬ 
pound to a simple functional group like the carbonyl group in aldehydes 
has been reported. 

Organoantimony and organobismuth compounds undergo metal- 
metal interconversion reactions with organoalkali compounds.^®*’ 

(C8H3)3Sb + 37i-C4H9Li —> SCsHsLi -k (zi-CiHslsSb 

(p-CHaCeHOaBi -f- Sn-C^HaNa -»■ Sp-CHjCeHaNa + (n-CJi.lsBi 

In liquid ammonia, R 2 SbX and R 2 BiX compounds react promptly 
with lithium, sodium, potassium, calcium, and barium to give deeply 
colored RaSbM and R^BiM types.*®®' 

(CjHsljBiBr + 2Na (CeHslzBiNa + NaBr 

These dimetallic compounds undergo ready reaction with RX com¬ 
pounds and provide one of the better procedures for the preparation 
of unsymraetrical organoantimony and organobismuth compounds.*®'* 
RjBiM -t- RX RjR'Bi -|- MX 

They also undergo a halogen-metal interconversion reaction m liquid 

ammonia. „ 

(C3H3)2BiNa a-CioHyl —» (C6Hs)2BiI + a-CioHyNa 

The stability of organobismuth compounds varies markedly with 
the type of compoimd (RsBi, R 3 BiX 2 , R^BiX, RBiX 2 ), the char¬ 
acter and pasition of substituents in the R group. Among the most 
stable compounds are the tiiarylbismuth dichloiides, and a compoimd 

«* (o) ChalleniBr asd Kidgway, J. Chem. Soc., 121, 104 (1922). (6) Gtilmaii, YaUunky, 
and Brifoon, J. Am, Chem. Soc., 61, 1170 (1939). (e) Gilman and Yatilunky, *«., 63, 
213 (1941). (d) Oilman and YaUuulcy, UmL, 63, 207 (1941). (e) Supniowaki and Adams 
Out., 43,607 (1926). 
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like tri-p-tolylbismuth dichloride can be oridized to tri-p-carbo)^henyl- 
bismulh dichloride by means of potassium permanganate or chromic 
acid.“** 

(p-CH»C«H*)iBiCl, ->• (p.HO»CC.H«),BiCls 

Extensive studies of compounds like (C 6 H 6 ) 3 BiX 2 have shown that 
the order of decreasing stability of the dihalides is; R 8 BiCl 2 , E, 3 BiBr 2 , 
R 3 Bil 2 . However, with R 2 BiX t 37 )e 8 in liquid ammonia, the order is 
reversed and the R 2 BiI compoimd is most stable.'*** 

A sensitive test, known as color test III, is characteristic not only 
for triarylbismuth dihalides but also for the more reactive arylmetallic 
compounds like those of sodium, lithium, and magnesium.** The 
color test, when used for reactive arylmetallic types, is carried out readily 
by adding 1 cc. of the RM solution to 1 cc. of an approximately 1 per cent 
solution of triphenylbismuth dichloride in dry benzene. With aryl- 
lithium and arylmagnesium compounds a deep purple color forms 
instantaneously. The reaction mechanisms of this color test are as yet 
unknown. It is interesting that triarylarsenic dihalides and triaryl- 
antimony dihalides do not give the test. Using phenylmagnesium 
bronude, a positive test is obtainable with 1 cc. of a 0.0039 molar solu¬ 
tion of triphenylbismuth dichloride. 


GROUP VL A-FAMILY 


[Cr, Mo, W, U] 


Numerous attempts have been made to prepare organometallic 
compounds of molybdenum, tungsten, and lu-anium. When the method 
has involved interaction of the halide salt with the Grignard reagent, 
the course of reaction has resembled markedly that noted with halides 
of the A-family of Group V; namely, reduction of the salt, coupling to 
form R-R compounds, and the very doubtful formation of organo¬ 
metallic compounds.*** However, recent preliminary studies have showm 
the posability of preparing some complex phenylmolybdenum and 
phenyltungisten compounds.***® 

The studies by Han and co-workers **** have provided a good picture 
of organochromium compounds. The chief reaction product of chromic 


*** ChaUenaer and Rioharda, .T. CAam. Aaa.. 405 (1034). 

»“ Bennett and Turner, J. Proe. Roy. Son. N. S. Wak$, U, 100 (IflW) [C. X., M, 414 
(19S0()V. Tel and I>utt, J. Indian Chom. Soc.,», 38« (1936) IC. A., SO, 462 (1936)1. 

»• (a) H«n, NaturaiMmuOuiften, M, 93 (1940); Angm. CK«m.. »1, 600 (1988). (b) 
«itA wwtnWa, Btr., 9A, Vm, vm, ttlB, TCKJ B«., W, m 
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chloride and phenylmagnesium bromide is pentaphenylchromium bro¬ 
mide, 

SCeHjMgBr-l- 4CrCl3 (C 6 H 5 )sCrBr + 2MgBrj -|- SMgCb + SCrCls 

which with alcoholic potassium hydroxide gives p>entaphenyIchromium 
hydroxide. This strongly basic hydroxide undergoes an unusual reaction 
when salts are prepared from it either by the action of acids or by 
double decomposition with alkali salts: a phenyl group is removed and 
tetraphenylchromium salts result. However, tetraphenylchromium 
hydroxide (prepared from tetraphenylchromium iodide and silver 
hydroxide) behaves normally to give tetraphenylchromium salts. 

JJ V 

(CfBO^Crl + AgOH ^ (C«H5)4CrOH -> (C«H6)4CrX 

Among other products of the reaction between chromic chloride and 
phenylmagnesium bromide are tetraphenylchromium salts and tri- 
phenyl chromium salts. These, when electrolyzed in liquid ammonia, 
give the highly unstable, simple organochromium compounds: tetra¬ 
phenylchromium, [(CoH 5 ) 4 Cr]„, and triphenylchromium, [(C 6 H 5 ) 3 Cr]n. 

In color, the organochromium compounds resemble markedly the 
inorganic dichromates. All the organochromium compounds reported 
are relatively unstable thermally and quite sensitive to light and oxygen. 
The alkylchromium compounds appear to be particularly unstable, and 
none has been isolated. 

Pentaphenyl-, tetraphenyl-, and triphenylchromium hydroxides are 
strong bases, the conducti\uty increasing with a decrease in the number 
of phenyl groups. 

There is no report of the addition of an organochromium compound 
to an organic unsaturated grouping. Although practically nothing has 
been done on the possible reaction of organochromium compounds 
with organic compounds, it appears reasonable to expect that they 
will react with some alkyl and acyl halides after the manner of organotin 
compounds. 

GROUP VI. B-FAMILY 
tPo] 

No study has been reported on organopolonium compounds. 
Polonium hydride, however, has been found to be less stable than 
bismuth hydride.*^^ One may predict that organopolonium com¬ 
pounds will be found to be less stable than organobismuth compounds. 
Superimposed on such tbennal instability will be the relatively short 
haM-lile period of the radioactive compound. 

**» Psosth and JohanMon, Btr., 56, 2622 (1922). 
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GROUP vn 
[Mn, Me, Re] 

Organomanganese compounds, prepared by interaction of manganous 
iodide with Giignard reagents or organolithium compounds, are inflam¬ 
mable and of moderate thermal stability. They are promptly decom¬ 
posed by water, yielding the parent RH compound, and they react 
with the usual organic functional groups at a rate somewhat like that 
observed with organoaluminum compoimds. Accordingly, they are the 
most reactive of aU known oi^anometallic compounds in Groups IV, 
V, VI, VII, and VIII. 

No study has been reported concerning organomasurium compounds. 

Interaction of rhenium trichloride with methylmagnesium iodide 
has been reported to give trimethylrhenium, an almost colorless oil, 
heavier than water, not very inflammable, and decomposable slowly 
by hydrogen peroxide to give perrhenic acid.^“®“ However, there may 
be as yet unexplained catalytic influences, for according to recent 
studies this reaction yielded almost exclusively methane and ethane. 

GROUP vni 

[Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt] 

Very few organometallic compounds of Group VIII metals have been 
described. Apart from some organoiron compounds, for which there is 
indirect evidence, the only organometallic types isolated and studied 
in any detail have been some methylplatinum compounds. 

Ethyliron chloride has been prepared from ethylzinc iodide and 
ferrous chloride. 

FeClj •+" CjHiZnI —► C 2 H 5 p'eCl -}■ ZnClI 

The same product is obtained from ferric chloride, which presumably 
is first reduced to ferrous chloride.*^* 

2FeCl, + CjHiZnI ZFeClj + C.HJ + ZnCl* 

Phenyliron iodide had been prepared by a corresponding reaction.*** 
2Fel2 + 2C«H6ZnCl —♦ 2CeHiFeI + ZnCU + Znia 

, M* (a) Dntoe, J. Ckem. 8oc., 1129 (1934). (S') Gilman, Jonea, Moore, and Koitwcen 
X Am. Chem. Soe., S$. 2626 (1941). 

' I** jrofi «tM} Reich, Compt. rend., 1T4. 1368 a»22t. 

(••CItiimVitier, BuS. toe. Aim., 47, 1131 (1930>- 
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The chief evidence in support of the organoiron compounds is the forma¬ 
tion of ferrous hydroxide on hydrolysis. 

2RFeX -t- 2 H 2 O -» 2RH + Fe(OH )2 + FeX* 

When iron halides arc treated with Grignard reagents the reaction pro¬ 
ceeds predominantly to the formation of coupling (R-R) compounds. 
Practically quantitative yields of biphenyl have been obtained from the 
reaction between phenylmagnesium iodide and halides of the Group VIII 
metals.“‘“ The lesser yields of biphenyl when the chlorides of osmium, 
iridium, and platinum are used suggest that the extent of the coupling 
reaction is a rough measure of the thermal instability of the inter¬ 
mediately formed organometallic compounds, the phenylplatinum 
compounds Ixiing most stable. 

Trimethylplatinum iodide has been prepared from platinum chloride 
and raethylmagncsium iodide-^**" 

PtCb -f- aCHjMgl ^ (CHjlaPtl -t- 2MgCls + Mglj 

It was subsequently shown that tetramethylplatinum is one of 
several by-products of the reaction between platinic chloride and 
methylmagnesium iodide. Tetramethylplatinum is prepared con¬ 
veniently from trimethylplatinum iodide and methylsodium. 

(CHaliPtl -h CHsNa -» (CH 3 ) 4 Pt -I- Nal 

Hexamethyldiplatinura has been prepared by heating trimethyl¬ 
platinum iodide with powdered potassium in dry benzene.*”' 

2(CH3)3ra -f 2K -> (CHalsPtPtCCHsla -h 2KI 

Organopalladium compounds have been postulated as intermediates 
in the catalytic reduction of aryl halides.*”'' 

Hydrides, carbides, and carbonyls are known of several of the 
Group VIII metals. 

ORGANOMETALLIC “RADICALS" 

Some organometallic compounds appear to have a metal with 
a valence lower than normal. These so-called organometallic radicals, 
like triphenyllead, may possibly have a very low concentration of the 
radical present. 

2(C,H,),Pb 5Fi (C.Hs),Pb—Pb(C8H»), 

*“ (a) Oilman and Lichtenwalter, J. Am. Chem. Soc., *1, 957 (1939); Eharaaob and 
Fielda, ibid., *3, 2316 (1941). (6) Pope and Peachey, J. Chem. Sec., 95 , 671 (1909). (c) 
Oilman and Liohtenwalter, J. Am. Chem. Soe., 60, 3086 (1938). (d) Buaob and Weber, 
J. praM. Chem.. 148 , 1 (1936). 
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However, magnetic measurements have not revealed free radicals, and 
some of the earlier evidence based on molecular-weight determinations 
may be vitiated because of the slow decomposition of the RM com¬ 
pounds to flagments of relatively low molecular weight.The special 
properties of such compounds may be due to a very weak metal-metal 
linkage. Some of the organometallic “radicals” have properties sug¬ 
gestive of a radical like triphenylmethyl. Such characteristics are 
color; marked tendency to assume a normal valence of the metal by 
addition of oxygen, iodine, or metals like sodium; increase in associa¬ 
tion or polymerization in more concentrated solutions; and dispropor¬ 
tionation. Some of the “radicals” have properties, such as luster and 
conductance, similar to those of metals. 

Mercury. Some alkylmercury compounds like methylmercury and 
ethylmercury have been prepared by the electrolysis of alkylmer- 
curic halides in liquid ammonia at a temperature of — 60“. The radicals 
were deposited on the cathode, and were found to be unstable. Methyl- 
mercury, for example, shows considerable decomposition even at —33°. 

2CH*Hg (CHdsHg -I- Hg 

This tendency of the radical to disproportionate to free metal and an 
organometallic compound having a metal with normal valence Ls shown 
by many organometallic radicals. 

The metallic characteristics of a compound like methylmercury recall 
the properties of substances like tetramethylammonium, (CH 3 ) 4 N. If 
the metallic nature of this group, which itself contains no metal, bo 
admitted, then it becomes understandable why compounds like benzyl- 
tetramethylammonium, C 6 HsCH 2 N(CH 3 ) 4 , have been correlated with 
organometallic compounds (p. 530). 

Thallium. Diphenylthallium is probably formed when one equiva¬ 
lent of sodium is added to a solution of diphenyltliallium bromide in 
liquid ammonia.^®* 

(C«H*) 2 TlBr + Na (C*Hs) 2 Tl + NaBr 

There is more compelling evidence for the transitory formation of 
phenylthallium when triphenylthallium is heated in xylene. 

(C,H.),T1 CeHsTl -|- C«H»'C*Hs 

In the absence of a reactant, the phenylthallium is converted to tri- 
phenylthalhum and metallic timllium, probably by way of diphenyl¬ 
thallium. 

6C,H6T1 -*3X1 + 3(C^),T1 T1 + 2(C.H|),T1 

(a> Xorria and Selwood, Am. Chm. Soe., M. 2500 (5) Knot. 0itL, 

M, 17m (m3), (e) Kraus and SUowa, Orid., M, 4081 (1030). 
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I*yrolysis in xylene, in the presence of reactants like carbon dioxide, 
benzophenone, and benzonitrile, results in the normal additions of a 
moderately reactive RM compound. 

CeHsTl + (C8H5 )sC= 0 — ? » (CeH6)3COH 


Phenylthallium, which is probably the most reactive organometallic 
“radical,” is highly unstable thermally. When phenyllithium was 
added to a suspension of thallous chloride (TlCl) in ether, cooled to 
—70°, there was an immediate deposition of metallic thallium. The 
subsequent isolation of triphenylthallium indicated that phenylthallium 
was formed initially, but then decomposed in essential accordance with 
the reactions illustrated above. 

Gennanitun. Diphenylgermanium has been prepared by the action 
of sodium on a diphenylgermanium dihalide in boiling xylene.^**" 

(C«H6)2GeX2 + 2Na ^ (CeHslaGe -> [(C6H6)2Ge]4 


In liquid ammonia, sodium reacts with diphenylgermanium to give 
diphenylgermanium-disodium. 

(C«Il6)2Ge + 2 Na —(C6H6)2GeNa2 


This reaction is quite general with organometallic radicals. The sodium 
derivatives are useful in synthesis, reacting, for example, with alkyl 
halides to substitute alkyl radicals for the sodium. 

Tin. Di-and trivalent organoiin compounds of both the aliphatic 
and the aromatic series have been prepared. Diethyltin has been synthe¬ 
sized in several W'ays, of which the following are typical.***" 

(C2H(i)2SnX3 -t- Na amalgam —> (C2H6)2Sn 

2C2H6MgBr -\- SnCb (C2Hi)2Sn -h 2 MgX* 


The diaryltin compounds have been prepared by related methods, as 
well as by pyrolysis of the dihydride.***'’ 


(C«Hb)2SnH2 —*■ (C«Hs)2Sn -b H2 

The RsSn compounds are conveniently prepared in liquid ammonia 
by reactions like the following.'**' 

(CHs)sSaX + Na (CHalsSn -|- NaX 
(C#HB)8SnNa -f- ClSn(C6Ht)8 -+ 2(CeH6)8Sn + NaCl 


“• (o^ LSvis Ann., 84 , 308 (1862); Frankland, Ann., 88 , 329 (1853); PfMffer, Ber., 44 , 
1269 noil), (b) Krause and Becker, Ber.. 83, 173 (1920); Chambers and Scherer, J. ilm. 
Chem Soc 48 , 1054 (1926). (c) Kraus and Sesaions, ibid., 47 , 2361 (1825); Harada, 

Butt. C^' Soc. Japtm. 4. 266 (1929) (C. A.. 84 , 1340 (1930)]; Ladenburg, Ann. (Suppl.). 
8 , 68 (1872) • RlUheimer, Ann.. 364 , 61 (1909); Chambera and Scherer, J. Am. Chem. Soc 


48 . 1054 ( 1926 ). 
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In general, both the di- and trivalent organotin compounds react 
readily with oxygen, sulfur, and halogens to give tetravalent types. 

2RiSn -|- O 2 —* 2RsSnO 2R2Sn + Xj —> 2RjSnX 

They add sodium, as mentioned previously, and reduce salts like mer¬ 
curic chloride and silver nitrate. The alkyl compounds associate or 
polymerize more readily than the corresponding aryl types. When the 
compounds are colored, the color varies with the R group: dicyclo- 
hexyltin is intensely yellow, and a benzene solution of diphenyltin 
becomes dark red when exposed to sunlight. 

Lead. The general procedures for the preparation of so-called 
organolead radicals may be classified roughly as reductions and the 
direct introduction of R groups. The best illustrations of reduction are 
the preparation of triethyllead (or hexaethyldilead) by electrolysis of 
triethyllead hydroxide, and the reaction of sodium in liquid anuuonia 
with triethyllead bromide.^’^*' 

(CjHsljPbBr + Na -► (CjHjlsPb -|- NaBr 

The direct introduction of R groups has been effected by interaction of 
sodium-lead alloys and alkyl halides, and by reaction of lead chloride 
with RMgX or RLi compounds. The usual reaction between lead 
chloride and RMgX compounds gives R^Pb compounds. 

PbClj + RMgX -► R«Pb 

With some Grignard reagents no special procedures are necessary for 
the formation of the radical tyjKs. Actually, p-xylylmagnesium 
bromide gives tri-p-xylyllead in 50 per cent yield and no tetraaryllead. 
It appears likely that the di- and trivalent lead types are precursors in 
the formation of most R 4 Pb compounds from lead chloride and the 
Grignard reagent or organolithium compounds.*®* Tliis finds support 
in the following observations: (1) In the preparation of R 4 Pb compounds 
the colors characteristic of R^jPb and RaPb compounds are first noticed. 
(2) The di- and trivalent types can be Isolated from such reaction mix¬ 
tures. (3) The R^Pb and R^Pb compounds are converted to the R 4 Pb 
compounds on the application of heat, in the presence or absence of 
Grignard reagent. 

*** (a) Midglcy, Hochwalt, and Criingwart, J, Am. Chem. Soc., 4S, 1821 (192S). See, 
alee, Talel, Ber., 44, 323 (1911); Reoger, Ber,, 44, .337 (1911); end LSwis, Ann., M, 818 
(18S3). (b) Calingeert end Snrooe, J. Org. Chem., S, 536 (1938). 

‘“Oamen and Bailie, J. Am. Chem. Soe .,«. 731 (1939). 

»*• Krause and oo-workera, Ber.. M, 3186 (1919); Ber., M, 173 (1930); Ber., 64, 2080 
65. 888 (1922) ; MMler end VieiBet. Ber., 46, 3448 (1918) ; Ooddard, /. Chem. 
tn, fl61 (1923); Austin, /. Am. Chem. 8oe., 64, 8720 (1033). 
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The several transformations may proceed stepwise, 

PbCla + 2RMgX -> RjPb 

He&t 

3RjPb ->. 2R,Pb + Pb 

_ Hfrat 

4R,Pb -> SRiPb + Pb 

for the di- is convertible to the tri-, and the tri- to the tetravalent type. 
These reactions leading to the formation of an organometallic compound 
with the metal in a normal valence state remind one of the thermal 
decomposition of metbylmercury to dimethylmercury and mercury. 
Actually, however, there may be, under certain conditions, secondary 
transformations in the conversion of PbClj to R 4 Pb. One of these 
with n-butyllithium and RaPb or RsPb—PbRs is: 

RjPb—PbRa + w-CiH^Li —* RaPbLi + RjPbCiHs-n 

The RaPb compounds add alkali metals in liquid ammonia.^' 

RsPb 4- Na —+ RsPbNa 

The resulting dimetallic compounds are useful for the preparation of 
unsyrametrical [RaR'Pb] types. 

RaPbNa + R'X ^ RjR'Pb + NaX 

Addition also takes place with the binary system, Mg + MgBr 2 
2MgBr, the magnesious halide behaving in many respects like sodium. 

RaPb + [—MgBr] RjPbMgBr 

A similar reaction occurs with triphenylmethyl.‘” 

(CeHslaC + [-MgBr] ^ (CeHtlsCMgBr 

In a general way, the properties of R 2 Pb and RsPb compounds 
closely resemble those of the corresponding organotin compounds. The 
approximate order of decreasing stability is: ArylsPb, Aryl 2 Pb, AlkyUPb, 
Allr yljPh The number, kind, and petition of substituents in the alkyl 
or aryl groups play, of course, a significant part in the properties of these 
sevei^ types, just as they do in organometallic compounds having a 
metal with normal valence. 

Bismuth. When diphenylbismuth halides are treated in liquid 
ammonia with lithium, sodium, potassium, calcium, or barium, the 
following general reaction occurs. 

(C«Hs)»BiX + Na (CcH^jjBi + NaX 

Oilmui and FothorgiU, J. Am. CKem. Soe., #1, 3149 (1929); Oombecs and Baoh- 
mum, HM., ■>, 2466 (1930). 
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The intense green color of diphenylbismuth (or tetraphenyldibismuth) 
gives way to the characteristic deep red color of diphenylbismuth* 
sodium when more sodium is added. 

(C»H6),Bi + Na (CsH^lsBiNa 

There is also evidence for the transient existence of dimethylbismuth 
and diethylbismuth.*** 

Chromium. The triphenylchromium and tetraphenylchromium, 
mentioned with organochromium compounds, have some metallic 
characteristics highly remindful of compounds like methylmercury. 
In particular, each reacts with water with the hberation of hydrogen 
and the formation of the corresponding hydroxide. 

(C+ H 2 O (C,Hj)4CrOH ••••(H) 

INTERCONVERSION OF ORGANOMETAIXIC COMPOUNDS 

There is an unusual tendency for one organometallic compound to 
be converted to another organometallic compound. Several of these 
interconversions have already been considered. 

1 . The so-called radicals tend to revert to organometallic cora- 
poimds having the metal with a normal valence. 

2CH,Hg (CHalsHg + Hg RzPb -> R,Pb -» R^Pb 
Phenyltin, which may be formed transitorily in the following reaction, 
C,HsSnCl 3 4 - 3Na [C.HjSn] + 3NaCl 
disproportionates to tetraphenyltin and tin. 

4[C,HtSn] -♦ (C«H6)<Sn + 3Sn 

Under corresponchng conditions the intermediately formed phenyl- 
germanium polymerizes (p. 558). 

2. The equilibrium between simple and mixed compounds 

RjM + MX, 2RMX 

appears to be attained more rapidly with the more reactive organo¬ 
metallic compounds. That is, diphenylmagnesium and magnesium 
bromide give phenylm^neaum bromide more rapidly than tetra¬ 
phenyltin and tin tetrachloride give phenyltin chlorides. 

When the metrd in the salt MXj is unlike that in the organometallio 

**■ Denbom, Md., 43, 2367 (1921 ); Paoeth and co*worken, B«r., tt, 1936 (1929); J 
jQlken,. See.. 306 (iS&b). 

» &iia»n and Reinhanit, Bar., W, 1743 (1932). 
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compound, the reaction can proceed in at least two ways. Either one 
organometallic compound is formed exclusively, 

(CeHslaSnCU + HgClj CeHsHgCl 
CHaHgOH + C«H 5 B( 0 H )2 -♦ CHsHgCeHa + H 3 BO, 

or a mixture of two different organometallic compounds results.'*®'’ 
(C.HalaPb + BiBr, -♦ (CgHslsPbBra + (CjHalsBiBr 

Solubility factors have pronounced effects. 

3. The rate of disproportionation of unsymmetrical organometallic 
compounds to the s 3 Tnmetrical types 

2RMR' R 2 M + R'jM 

appears to be greater with the more reactive organometallic com¬ 
pounds. 

4. The following equilibrium 

R 2 M + M' RjM' + M 

is generally displaced largely in that direction which gives the more 
reactive organometallic compound.’*'*' Numerous experiments have 
been carried out on the expulsion of the metal from an organometallic 
compound by another metal, both with and without a solvent.'*'® The 
direction and extent of displacement are influenced by such factors as 
the ratio of reactants and the ability of the metals to form couples or 
amalgams. It has been suggested that some of these reactions take place 
by way of free radicals.'*‘‘ 

R 2 M -> 2R— + M 
2R— + M' ^ RzM' 

5. The ready interchange of metals suggests the possible inter- 
conversion of two different organometallic compounds. This type of 
reaction has been used for the preparation of the otherwise difl&cxiltly 
accessible benzyllithium.'*' 

CeHeCHjMgCl + C,H 6 Li CeHsCHjMgCeHB + LiCl 
CsHBCHjMgCeHB + C.HjLi CeHsCHaLi + (C,HB) 2 Mg 

(a) Kocheshkov and Nesmeyanov, J. Gen. Chem. {U.S.8.R.), 4, 1102 (1934) 
(C. A., 89, 3993 (1935)]. (b) Freidlina, Nesmeyaiiov, and Kocheahkov, Ber., 48, 566 

(1036); Gilman and Appereon, J. Org. Chem., 4, 102 (1939). 

(o) Schlenk and Holtz, Ber., SO, 262 (1917); Ziegler. Ber., 64, 446 (1031). (b) Krafft 
end Neumaim, Ber., 84, 666 (1901); Hilpert and Grilttner, Ber., 4B, 2828 (1912) ; Ber., 44, 
1675 (1013); Stoinkopf and Buchheim, £cr. 64, 1030 (1021); Shurov and Raauvasv, Ber., 
46, 1507 (1932); Gilman and Mart^, Rec. trae. chim., 66, 133 (1036). (e) Oilman and 
Brown, ibid., 60, 184 (1931); Raauvaer and Koton, fier., 66, 613 (1932). 

Ziegler and Derach, Ber., 64, 448 (1931). See, alao, SeUenk mtd Hrdta, Bar., 60, 
262 (1917), and Hein and co-workers, Z. anorg. allgem. Chem., Ut, 161 (1024). 
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The benzylphenylmagneshim, which is probably formed as an inter* 
mediate, might be expected to disproportionate to dibenzylmagnesium 
and diphraiyimagnesium, in which event, the precursory active agent 
would be dibenzylmagnesium. Some other illustrative interconver¬ 
sions of two different organometallic compounds follow: 

2CH,HgI + (C,H,),Zn - (CH,),Zn -|- (C,H»).Hg + Hgl, 

+ (C»H»)iIIg —> (oi-CioHi)jHg + (CtHi)iBi -f- (a-CioH;) (CtHOjBi 
(CJIJ^PbCl + p-CH,CtH,Li - (C,H.).PbCai«CH,-p + (p-CH,C.Il4)4Pb 

This last reaction illustrates an interchange of radicals resulting in the 
formation of but one class of organometallic compounds, the organo- 
lead compounds. A related reaction is: 

C,HnBiCU + CiH.MgBr (C»H„).Bi + (C.HO.Bi + (C4H,0(C,H.),Bi 

A more complete account of recent studies in the interconversion or 
redistribution reaction of some types mentioned in this section is given 
in Chapter 24. 

6 . The replacement of radicals has also been obser\^ed where but 
one organometallic compound is involved. 

a[-CioH;Br -f- n-C 4 HgLi o(-CioH 7 Li -h u-CiHsEr 

This type of halogen-metal interconversion reaction is discussed on 
p. 538. 

7. There are special reactions for the conversion of one type of 
organometallic compound to another type, 

(C2H*)itSn + CjHJ (CsH6),SnI 

as well as the many general reactions previously considered such as the 
conversion of an R 4 M type to R 3 MX, R 2 MX 2 , and RMX 3 compounds 
by the action of hah^ens and halogen acids. A special reaction involv¬ 
ing carbides is the formation of some methylmetallic compounds from 
aluminum carbide and salts of heavy metals like mercuric chloride, 
stannic chloride, and bismuth chloride.*** 

HCl 

A1«C, + HgCl,-> CH,HgCl and (CH,) 2 Hg • 

The relatively ready interconversion of organometallio compounds 
suggests ionic reactions. However, only the more reactive organo- 

*** (a) Franklaod, Ann., Ill, 44 (1850) ; Cballenger and Ridgway, /. Chem. Sac., ISl, 
.104 (1922); Austin, J. Am. Chem. Soe., H, 3726 (1982). (&) Norvick, JVoture. IM, UBS 
41035). See. also. Challemgn^, J. Chem, Sac., 104. 2210 (1014), and Soeheahkov, Nea- 
liBwaov, and Pusyrewa, B$r., M. UBO (1^). 

.l«*Hapeirt and XMtmar, Bar., 45, 8738 (1018) 
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metallio compounds are appreciably dissociated (p. 530). Some studies 
have been carried out to determine whether there is slight ionization with 
the relatively unreactive organometallic compounds (Chapter 24). 
When radioactive lead salts, like lead chloride and lead acetate, are 
heated with non-radioactive organolead compounds, like tetraphenyl- 
lead, there is no exchange of lead atoms. When dissociable inorganic 
salts with different acid radicals are used, there is an exchange between 
the active and inactive salts.*‘‘“ More recent studio have indicated 
a transference of atoms with organometallic compounds. By means of 
the radioactive indicator method, using radioactive isotopes to show an 
exchange of atoms, evidence has been obtained which suggests that both 
radioactive lead and radioactive bismuth can exchange with lead in 
tetramethyllead and bismuth in trimethylbismuth, respectively, in 
ether solution at room temperature. Because the exchange is not shown 
with trimethylamine, tetramethylsilicon, and tetramethyltin it is 
probable that the transference occurs mainly with atoms of the same 
atomic number, and without a break-up of the molecule which would 
be expected if free radicals were involved.‘^‘‘ 

Although the evidence for ionic reactions in interconversions is weak, 
particularly where different organometallic compounds are involved, 
it is more likely that ionic reactions are involved in the exchange of 
acid radicals in mixed organometallic compounds. In a compound like 
RMX there may be interconversions (a) of the R group, (b) of the metal, 
and (c) of the X group. Actually, all three kinds are known, and the 
first two have been mentioned. The following illustrative transforma¬ 
tions of X groups are readily effected. 

RMOH ^ RMCl RMF 

Incidentally, the relative stabilities of compounds like (C 8 H 5 ) 3 BiX 2 , 
where X is halogen or a pseudo-halogen, are almost exactly in the order 
determined by the decomposition potentials of the potassium salts in 
water; F, ONC, OCN, Cl, N 3 , Br, CN, SCN, I, SeCN, TeCN. 
The fluoride is most stable, and a compound like (CflHs) 8 Bil 3 is ex¬ 
tremely unstable. The (CaH 5 ) 2 BiX compoimds have apparently an 
order of stability which is the inverse of the order of stability of 
(C 6 H 8 ) 3 BiX 2 compounds. 

Finally, mention should be made of the formation of an organo¬ 
metallic compound having two or more different metals from an organo- 

(a) and Zeohmeiotor, Btr., 5S, 410 (1920). (b) Ixditb-Snuth and Itiohardaon, 

Natur*. US, 828 (103&). 

CliaUanaar and Koharda, J, Chnn» tSoa., 405 (1034). 
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metallic compound with but one metal. The following reactions 
illustrate the first synthesis of this kind: 

CHr-CHt 

(CH,)jSn CHs (CH,)sSn(CH2)5Br 

CHj—CH, Br 


CHiMga 


> (CH,) 3 Sn(CHs)»Br 


Me 

(CH 8 )jSn(CHs)sMgBr 


(CH|)|PbBr 


> (CHj)»Sn(CH2)3Pb(CH,)» 


PHYSIOLOGICAL PROPERTIES 

As a broad generalization it may be stated that organometallic 
compoimds are relatively highly toxic. Little is known of the odor 
and taste of the moderately and highly reactive organometallic com¬ 
poimds, partly because of their slight volatility and more particularly 
because the aqueous medium presumably necessary for these sense 
perceptions is ideally suited for decomposing the reactive organometallic 
compounds. Because of the known toxicity of the slightly reactive 
and more volatile organometallic compounds, no intentional taste 
test comparisons have been reported. The odors of such compounds 
are better known, and they vary over wide limits. Some have a 
pleasant fruity bouquet and others are highly obnoxious; some are 
without any appreciable odor and others have ill-defined “characteristic 
odors.” There are highly purified RM compounds which develop an 
odor only after brief contact with the atmosphere. Some chemists who 
have worked closely with particular types can detect minimal quantities 
by a characteristic odor, as, for example, the lower-molecular-weight 
dialkylmercuiy compounds. 

Although it is true that organometallic compounds are generally 
quite toxic, it is equally true that there are marked variations in toxicity. 
The variations are noted with different classes of organometallic com¬ 
pounds and also within the same class, depending on the alterations in 
structure of the R groups and the natiue of X or the acid radical. 
Tins makje9^,it understandable why some organometallic compounds 
have actueSy found application as therapeutic agents and why others 
are being investigsted for their poffiible curative effects. Organoanti- 
mtaty and organobiamuth compounds have been used in trypanosome 

Qr&ttoer and Jbmm. Ser^ M, U48 (1017), 
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infections; organomercuiy compounds as disinfectants and diu¬ 
retics;'^** organolead compounds in the treatment of cancer;'**® and 
organogold compounds in the treatment of tuberculosis and arthritis. 
Organometallic comp)Ounds have also been used in veterinary medicine 
in the treatment of some forms of coccidiosis, and in botany as seed 
disinfectants to prevent smut diseases of cereals. 

If correlations may be drawn between metallic hydrides and oi^ano- 
metallic compoxmds, one may conclude that the physiological effects of 
organometallic compounds are not necessarily related to the phj^iological 
effects of the metal alone or to inorganic salts of the metals. For 
example, tin hydride is the most toxic of all hydrides so far investigated, 
whereas metallic tin and tin salts are apparently without any signifi¬ 
cant harmful effect on the organism.'**'* However, lead and its many 
compoimds are generally toxic. 

General biological applications of organometallic compounds have 
been surveyed recently.'** Indirect but significant contributions of 
organometallic compounds in biological problems have been their 
application in studies of reaction mechanisms and in procedures con¬ 
cerned with the structure and preparation of compounds like vitamins, 
hormones, carcinogens, and other biologically potent materials. 


APPUCATIOWS 

Undoubtedly the greatest value of organometallic compounds is 
their laboratory use for synthesis. The most important technical 
application is that of tetraethyllead as an anti-knock compound.* It 
is doubtful that any other group of organic compounds combines at the 
same time an astonishingly high utility in the laboratory with an equally 
low usefulness in the works. With increasing reductions in the cost of 
metals and their salts and with newer solvents or with techniques to 
reduce the need of solvents, it is rather likely that industrial uses for 
organometallic comjwunds will expand. 

Organometallic compounds provide an excellent bridge between 
inorganic and organic chemistry. The contributions of organometallic 

(a) lievaditi and Lupine, Cvmpi. nnd., 19S, 404 (1031). (b) Slotta and Jaoobi, J, 
prakt. Chem., UO, 249 (1929). (e) BischoS and co-workers, J. Pharmaeol,, Si, 85 (1928); 
Krauae, Ber., SS, 136 (1929). (d) Paneth and Jonohimoglu, B«r., 57, 1926 (1924); Stock 
and Outtmann, Ber., 87, 886 (1904). 

Gilman, Science, 98, 47 (1941). Among the good hooka containing aooounta of the 
physiologioal action of metaU and tbur compovmda are; Hefftier and Heubner, *‘Hand- 
buch dar expeiimentaUen Pharmakologie,'’ Beriin (1936); and Fiachl and Sohloacberger, 
“Haadbueh der Chmnotherapie,” Leipaig (1934). 

* Tetraethyllead also haa a catalytic effect on various reactions'. QUnua and St. John, 
Bee. tnu. chtm., 4», 222 (1930); Vaufdum and Buat, J. Org. Chem., 5, 449 (1940). 
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compotuids to inoi'ganic chemistry have been significant, but less 
numerous than to organic chemistry. There are occasional syntheses 
and analj^ses of inorganic compoimds by means of organometallic 
compounds, but the outstanding uses have been on problems con¬ 
cerned with valence, atomic structure, chain reactions via free radicals, 
and correlations of physical properties.*^^ 

In addition to the synthetic applications in organic chemistry, 
organometallic compounds have found extensive application in analysis 
(the Tschugaeff-Zerewitinoff procedure) and in the characterization by 
derivatives of some classes of organic compoimds. Organometallic com¬ 
pounds have been used to broaden our knowledge of many reaction 
mechanisms such as 1,4-addition, allylic rearrangements, rubber vul¬ 
canization,^^ and reduction by sodium and alcohol, as well as many of 
the condensations effected by sodium.*“ Several series of radicals and 
compounds have been developed by means of organometallic com¬ 
pounds: the series of radicals based on hydrogen chloride cleavage; the 
series of functional groups arranged according to relative reactivities; 
and the series of extremely weak acids. 

Biologically, the organometallic compounds have found use as 
pharmaceutical agents and insecticides.*^* Perhaps the most suggestive 
idea from a biological viewpoint is that by WUlstatter *““ on chlorophyD: 
the magnesium linkage in chlorophyll may resemble that present in 
Giignard reagents and be a significant point of reaction with carbon 
dioxide in photosynthesis.*"* One may then speculate that some of the 
subsequently necessary reductions and condensations leading to carbo¬ 
hydrates may also involve Grignard-like transformations. To con¬ 
tinue speculatively, the biologically important catalyst for synthesis, 
hemoglobin, may function as an oxygen carrier, possibly by means 
of peroxide formation due to an oi^aPoiron complex.*"* 

From the viewpoint of organic chemistry it is quite likely that some 

^ (a) V. Qrowe, Z. anerf. allgem. Chem., m, 133 (1926). (b) Jones. Evans, Qulwdl, 
and Griffiths, J. Chem. Soe., 39 (193S) ; Terenin. J. Chem. Phye., S, 441 (1934); Thompson, 
J. Chem. Soe., 790 (1934); Thompson and Frewing, if attire, 185. 007 (1936); Ganuly- 
Janke, J. prakt Chem., 141. 141 (1930): Pal, Proc. Boy. Soe. (London), A14t, 29 (1936) 
[C. A., 19, 3913 (1935)]; Thompson and Linnett, Trane. Faraday Soe., 81, 681 (1930) 
[C. A., 80, 4371 (1936)1; Broekway smd Jenkins, J. Am. Chem, Soe., M, 2036 (1936); 
Smyth, J. Org. Chem,, 0,421 (1941). See, also, Denner, Chem. Bet., 14, 880 (1934), for an 
•zeellent correlation of orsanmnetatlfo eompounds iHth metalUo salta of alodhcds and 
aioohol analogs. 

Midgley, Henne, and SSwpard, J. Am, Chem. Soe., 85 , 1160 (1934). 

•“Chelinsev and Osetrova, Bar,, 59 , 374 (1936). 

(a) Waist&tter, Ann., 855 , 64 (1900). (0) It is interaatlag to note that reeent afodias 
jpMhm and Kamen, J. Am, Chem, Soe., it, 3401 (1940)} i^>ort the isolation of hli^ 
lliMilt«Hhtr*^««>8ht acids from photoorathstie naotioas. (e) fise Eons and Kieaa, Ser., 
9ST (1521), tor an indiaodnm eoo^iex wUeh takas op tmd ghms off ouqrian. 
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of the significant contributions of organometallic compounds in the 
near future will continue along S3mthetic lines but on a broader bads 
of more highly selective preferential reactions with compounds having 
polyfunctional groups. The gradations in properties of organometallic 
compoimds appear to be such as to warrant the expectation of more 
selective reactions. Obviously, newer types of organometallic com¬ 
pounds should help bridge some of the present gaps in effecting prefer¬ 
ential reactions. One may predict that organometallic compounds 
of all the metals will be prepared. The development of organometallic 
chemistry has provided numerous hypotheses concerning the limits of 
preparation of these compoimds. Gradually, the hypotheses have been 
narrowed down so that fewer and fewer metals are included in the 
groups which are said to be incapable of forming organometallic com¬ 
pounds. Some of these earlier hypotheses have been useful in pointing 
out those organometallic compounds which will be prepared with diffi¬ 
culty; other hypotheses have undergone revision necessitated by the 
preparation of organometallic compounds the existence of which had 
been denied. 
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INTRODUCTIOH 

Blstory of Free Radicals. During the early decades of the nine¬ 
teenth century the idea of radicals, introduced by Lavoisier in 1785, 
played an important part in the development both of the theoretical 
and experimental side of organic chemistry. Several prominent investi¬ 
gators, among them Liebig, expressed the conviction that radicals like 
methyl and ethyl could be and would be isolated in a free state. Experi¬ 
mental evidence in favor of this view was not lacking. In 1815 Gay- 
Lussac ^ prepared cyanogen gas, and, when analysis showed the gas to 
have the composition CN, it was believed that the free cyanogen radical 
itself had been obtained. In 1841 Bunsen * reported the isolation of the 
free cacodyl radical (CHaljAs from the reaction between cacodyl 
chloride (CH 3 ) 2 AsCl and zinc. Frankland * (1848-1850) produced what 
he believed to be free ethyl by abstracting the halogen atom from ethyl 
iodide by means of zinc, and in like manner he prepared “methyl” and 
“amyl.” Similar “radicals” were obtained by Kolbe * by electrolysis of 
the salts of fatty acids. In 1860 Frankland announced that the isola¬ 
tion of these “radicals” disposed of all doubt as to their actual 
existence. 

It was not until 1864, after Cannizzaro had made clear the distinc¬ 
tion between atoms and molecules, that it was shown that the so-called 
radicals, cyanogen, cacodyl, methyl, and the like, had molecular weights 
double that of the radical and were compounds of the type NC—CN, 
(CHs) 2 A 8 —^As(CH 3 ) 2 , and CH 3 —CH 3 . With the advent of the struc¬ 
tural theory based on the imvarying quadrivalence of carbon, it was con¬ 
sidered that radicals were incapable of existence, and this view was held 
for the next forty years (1860-1900). It is true that Nef ‘ in the last 
decade of the nineteenth century sought to prove that free radicals, espe¬ 
cially those contaimng bivalent carbon, were intermediates in chemical 
reactions, but the general opinion was given expression in Ostwald’s 
comment in 1896, "It took a long time before it was finally recognized 
that the very nature of the organic radicab is inherently such as to pre¬ 
clude the possibility of isolating them.” 

Four years later (1900) M. Gomberg at the University of Michigan 
announc^ thetilbco'^ciT ^ ^ radical triphenylmethyl (C 6 Hs) 3 C. 

^ Gay-Lunae. Xnn. eKim., N, 106 (1815). 

* Bunaau, Atm., W, 31 (1841). 

•FraukUajd, Ann,, 71, 171 (1849); 74^ 41 (I860): 77, 221 (1861). 

* Xcdba, j4nn., M, 257, 279 (1849). 

Atm., 270, 268 (1899); Mt. 360 (18M9 i MS. 303 (1897). 
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The goal of the earlier chemists had been attained. More important, 
however, than simply marking the end of the quest for free radicals, the 
discovery of triphenylmethyl initiated the study of a most important 
type of compoimd of significance in all branches of chemistry. 

Discovery of Triphenylmethyl. In 1897 Gombei^ * had succeeded 
in synthesizing tetraphenylmethane (C 6 H 6 ) 4 C for the first time. This 
hydrocarbon yielded a tetranitro derivative which, unlike the nitro 
derivative of triphenylmethane, gave no color with an alcoholic solution 
of potassium hydroxide. In order to determine whether this test was 
reliable for detecting the presence or absence of a hydrogen atom on the 
methane carbon, Gomberg ’ decided to prepare the completely phenyl- 
ated ethane, hexaphenylethane (C 6 H 5 ) 3 C—C(C 6 H 6 ) 3 , and learn the be¬ 
havior of its hexanitro derivative with alcoholic potassium hydroxide. 
It seemed that this hydrocarbon could be made easily by interaction of 
triphenylchloromethane and a metal. 

2(C.H,)jC—Cl + metal -+ (C*Hs)sC—C(Cdls), + metal halide 

By heating a benzene solution of triphenylchloromethane with silver 
he obtained a colorless solid whose high melting point and sparing 
solubility were analogous to the properties of tetraphenylmethane. Re¬ 
peated analysis, however, indicated' that the compound contained oxy¬ 
gen. That this conclusion was correct and, furthermore, that the 
oxygen came from the air were shown by running the reaction in an at¬ 
mosphere of carbon dioxide. Under these conditions the oxygen com¬ 
pound did not form and evaporation of the solution yielded a crystalline 
hydrocarbon whose composition corresponded to that of hexaphenyl¬ 
ethane. The same hydrocarbon was isolated when the silver was replaced 
by mercury or zinc. 

The properties of the hydrocarbon were entirely different from those 
of a substituted ethane. Gomberg reported: “The compound is ex¬ 
tremely unsaturated. A solution of it in benzene or in carbon disulfide 
absorbs oxygen with great avidity and gives an insoluble oxygen com¬ 
pound. It absorbs chlorine, bromine and iodine. . . . The expe rimented 
evidence . . . forces me to the conclusion that we have to deal here with a 
free radical triphenylmethyl (C 6 H 8 ) 3 C—. On this assumption alone do 
the results become intelligible and receive an adequate explanation. The 
action of zinc results, as it seems to me, in a m^ abstraction of the 
halogen. 

•Oomben, Ber., W, 2043 (1807); V. Am. Chem. Soe., M, 773 (1898). 

> Gonib«rg. ibid„ $». 757 (1000); Ber.. 33. 3150 (1900). 
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Now, as a result of the removal of the halogen atom from triphenyl- 
chloromethane, the fourth valence of the methane is bound either to take 
up the complicated group (C 8 H 6 ) 3 C— or remain as such, with carbon as 
trivalent. Apparently, the latter is what happens.” On this basis the 
extreme reactivity of the hydrocarbon was easily explained: the trivalent 
carbon tends to become quadrivalent and does so by combining with 
other compounds. 

2(C.H4),C + Ii ^ 2 (C,Hb)3C—I 
2(C«H6),C + 0, (C«H5)3C—0-0—CfCeHi), 

Chemical reactions alone could not exclude the hexaphenylethane 
structure, and so determinations of ^,he molecular weight were employed 
to decide whether the hydrocarbon was a free radical or its bimolecular 
form. The results indicated that the colorless solid hydrocarbon was 
hexaphenylethane, which in solution dissociates into triphenylmethyl 
radicals imtil an equilibrium is established. 

2(CeH4),C (C,H»),C—C(C.H4), 

The identical equilibrium mixture was obtained from both directions: by 
association of the free radicals as they were formed from triphenyl- 
chloromethane, and by dissociation of the previously isolated hexa- 
phenylethane. 

The important observation was made that the free radicals are colored 
while the hexaphenylethane is colorl««, and this property of color proved 
useful in observing the progress of dissociation and in detecting the 
presence of the free radicals. When the colorless hexaphenylethane is 
dissolved, the solution ranains colorless for a few seconds and then begins 
to turn yellow. In a short time the color reaches a permanent intensity 
AS the equilibrium point is reached. With certain concentrations, it is 
'ipoil^le to remove the yellow ecdor by reaction of the free radicals with 
^^pen and then observe the r^ei^ration of the color as more free rad!* 
are fofmed by dissociatioa. 
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A large number of hexaarylethanee were prepared which contained 
a variety of aryl groups, and it was found that all of them possessed Uie 
property of dissociating into colored free radicals. With the establish¬ 
ment of the actual existence of free radicals which contain carbon linked 
to only three groups, investigations were launched to determine whether 
other elements could function in a similar manner. These ventures were 
successful, and free radicals are now known in which nitrogen, oxygen, 
and sulfur are linked to an abnormal number of groups. 


FREE RADICALS WHICH CONTAIN CARBON LINKED TO THREE GROUPS 

Triarylmethyls 

Nature of the Free Radicals. Free radicals such as the triarylmethyls 
are neutral molecules, which, unlike ions, do not possess a charge. The 
dissociation of a hexaarylethane is a non-ionic process in which the shared 
pair of electrons between the ethane carbon atoms becomes divided 
equally between the two radicals, a process similar to the formation of 
two neutral atoms from a diatomic molecule. As a result a triarylmethyl 
radical contains an unpaired electron. 

RjCtCRs 2R3C* 

The ions of the triarylmethyl group result by ionization of certain salte 
as R 3 CX(R = aryl; X = sulfate, nitrate, etc.) which give the cation 
(RsC)"*", and RsCNa which yield the anion (RsC)". Electronically 
(p. 1928) the three species—cation, free radical, and anion—may be 
represented as follows: 


R 

+ R 

R 

• • 

• • 

■ • 

R : C 

R : C- 

R : C : 

• • 

• • 

• • 

R 

R 

R 


Triarylmethyl Triarylmetliyl Triarylmethyl 

oation radical aoion 


The ions do not exhibit the unsaturated behavior of the neutral free 
radicals. Frequently the color of the ions differs from that of the corre¬ 
sponding free radical; thus, the triphenylmethyl anion is intensdy red 
while the triphenylmethyl radical is yellow. 

It is almost universally true that molecules oontain an even number 
of electrons and as a result are diamagnetic. Among the inorganic com¬ 
pounds only a few (among th^ NO, NOa, and ClOa) contain an odd 
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number of electrons. Such compounds (called “odd molecules” by Q. N. 
Lewis *) are paramagnetic (i.e., they are attracted by a magnet) in virtue 
ot the magnetically non-compensated electron. Indeed, free radicals 
have been defined as compounds which contain magnetically non-com- 
pensated electrons.® This property of paramagnetism has proved useful 
in detecting free radicals, and it serves as a basis of one of the methods 
employed to determine the degree of dissociation of hexaarylethanes 
(p.687). 

According to the modern theory of resonance (p. 1979) the odd elec¬ 
tron does not remain on the central carbon atom but can resonate among 
nifie other positions (the six ortho and three para positions of the three 
phenyl groups). These ten structures contribute to the resultant res¬ 
onance state. Several such structures are shown in the following 
formulas; 



This resonance leads to an increased stability of the free radical. 

Mention has been made of the color of the triarylmethyls. Gomberg 
attributed the color to the presence of a quinoid form of the free radical 
which is in equilibrium with the benzenoid form. Evidence in favor of 
quinoidatuNQ was adduced from a study of the action of silver on diphenyl- 
p-bromophenylmethyl and related compounds.*® The colorless com¬ 
pound diphenyl-p-bromoph^ylmethane (or the carbinol or alkyl ether) 
which is not subject to quinoidation loses no trace of its bromine when 
shaken with metallic silver. From the corresponding radical, however, 
the bromine is readily removed, and this is explained on the basis of the 
equilibrium between the two forms. 




* Imwii, "Valeno* end the StraetoM of Atoma and MotoeulM,” CSieiaiMl CetidoB Co. 
r York (» 23 ) ; Ctiem. fy,., 1, m (laSd). 

♦I&lliii, ffatunoitteniduiflen. Si, 808 (IW). 

UtandlMlta, Ber., 40 . 1847 G907) i GombMS sod Biioke, /. Am. Chum, Aoe., 41 , 1708 
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In the quinoid form the bromine atom, no longer held by an aronudie 
carbon, is sufficiently reactive to combine with the metal. The fact 
that the same light absorption is shown by an ether solution of triphenyl- 
methyl and ether solutions of benzoquinone, quinonemonoxime, and the 
like ** is considered to be confirmation of the quinoid structure. 

According to the resonance theory the quinoid form of Gomberg is 
only one of the nine similar structures contributing to the final resonance 
state. G. N. Lewis has pointed out that the absorption of light in the 
visible region is a property common to all odd molecules except nitric 
oxide.® Recently, with Calvin,** he has suggested an explanation for the 
color of the triarylmethyls in terms of the effect produced by the presence 
of the unpaired electron. It must be admitted that a complete and en¬ 
tirely satisfactory explanation for the color is still lacking. 

A number of investigators have attempted to prepare free radicals 
from optically active starting materials in order to determine whether 
the optical activity would be retained by the radical (p. 383). Persistence 
of the optical activity would mean that the unshared electron can pre¬ 
serve the tetrahedral configuration of the molecule. In one experiment 
triphenylmethyl was u.sed to liberate phenyl- 7 )-biphenyl-a-naphthyl- 
methyl from optically active J-phenyl-p-biphenyl-a-naphthylthioglycoUic 
acid. 

CeHex 

P-C,H6C,H4—C—SCH^COjH + (CcHdaC -> 

/ 

arC\oH.r 

p-CeHjC»H4—C -f- (CeHslsC—SCHaCOtH 

a-CioKT^^ 

It was found that the optical activity of the solution disappeared as the 
phenyl-p-biphenyl-a-naphthylmethyl radical was formed. From this 
and other results it was concluded that free radicals cannot maintain 
the asymmetric configuration,** It should be noted that quinoidation or 
resonance precludes the existence of optically active triarylmethyls ^oe 
the central carbon atom becomes linked by a double bond to one of the 
rings. 

Degree of Dissociation of Hezaarylethanes. Three methods have 
been employed to determine the extent to which hexaarylethanes dis¬ 
sociate into free radicals in solution. In the earlier work, the mcfiecular- 
weight method was \ised. In recent years methods based on the absorp¬ 
tion of light in the visible region and on the paramagnetism of the free 

Anders&ti, J* Am, Chem. 8oe,t IT, 1673 (1936). 

X<0wiB A&d CBlviiii Cfccwi. JKot., 278 (1939). 

WftlUs Bnd A damn , J, Am, Chem, Soc,% U* 3838 (1933). 
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radicals have been employed. In harmony with other binary dissocia¬ 
tion processes, the degree of dissociation of a given hexaarylethane 
depends on the three factors, temperature, concentration, and solvent. 

A check on the reliability of the methods can be applied in the form of 
the dissociation constants, which should remain constant over a wide 
range of concentration in a given solvent at the same temperature. For 
the binary dissociation process, R 3 C—CR 3 ?=i 2 R 3 C; K = 4a:“/(l — a)v, 
where K is the dissociation constant, a the fraction of the hexaarylethane 
dissociated, and v the volume in liters containing a mole of the hexaaryl¬ 
ethane. 

If the molecular weight of a hexaarylethane in solution is determined 
by the cryoscopic or ebuUioscopic method, a value is obtained which lies 
between that calculated for the hexaarylethane (Afc) and that for the 
triaryhnethyl. From this value for the apparent molecular weight {Ma), 
the fraction (a) of hexaarylethane dissociated may be calculated from the 
formula: a = (Me/Ma) — 1; the percentage of dissociation is equal to 100a. 
From a critical analysis of the data reported by this method Walden 
concluded that within certmn limits satisfactory values for the dissocia¬ 
tion constant can be obtained in a pven solvent. In some instances, how¬ 
ever, there is a “drift” in the values. The molecular-weight method is 
limited in that values in a pven solvent can be obtained only at two tem- 
peratiu^s, the freezing point and boiling point of the solvent. 

In the second method use is made of the fact that the solutions of the 
hexaarylethanes do not obey Beer’s law. According to this law, the 
absorption of light should remain constant on dilution provided that no 
change in structure or dissociation takes place, for the number of absorb¬ 
ing molecules remains the same. Thus, if a colored solution contained in 
an upri^t cylinder is viewed from above, the intensity of the color will 
remain the same when solvent is added to the solution, because the dilu¬ 
tion is exactly compensated by the greater thickness of the layer through 
which the lig ht, passes. If on dilution the intensity of the color increases, 
it means that ^e number of absorbing molecules has increased. Pic¬ 
card “ demonstrated that the color of a solution containing a mixture of a 
hexaarylethane and the triarylmetbyl radicals increased in intensity as 
the Bolutkm waSl diluted. That the increased color was the result of a 
mmple binary dissociation proems followed from the fact that the tda- 
tioQship between the change in intensity of the color and the variation in 
concentration conformed to the Ostwald dilution law, at least in dilute 
iK^Uons.‘* 

,4!- .^WiUden, ‘‘Chemle dw fni«n RsdUtBle," Hind, Ldpalg (10SS4). 

Ann.. Ml, 347 (1911). 

« WoortW, J. Am. Chem. 8oc., U. 2186 (1986). 
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Ziegler and Ewald have made use of this relationship to determine 
the degree of dissociation of hexaphenylethane under various conditions. 
By measuring the molecular ejctinction coefficients of the colored solu¬ 
tions at various dilutions by means of a spectrophotometer, they deter¬ 
mined the degree of dissociation, using the expression a = EvlEa^, where 
Eai is the molecular extinction coefficient at infinite dilution, obtained 
by extrapolation. By this method they obtained the results shown in 
Table I for hexaphenylethane in benzene at 20°. The value of K, about 


TABLE I 

Dissociation op Hexaphentlethanb 
V “ volume in liters containing 1 mole of hexaphenylethane 


t;.^ 

12.5 

98 1 

885 ' 

25,700 1 
77.5 

76,000 

90 

00 

% Dissociation (100a)... j 

3.6 

9.6 J 

25.8 

100 


4.1 X 10 remained constant when the solution was diluted from 1 to 
6100, 

An increase in temperature causes an increase in the dissociation of 
hexaphenylethane. Thus, a 0.07 per cent benzene solution of hexa¬ 
phenylethane contains 18 per cent of triphenylmethyl at 13° (K =■ 2.6 X 
10“^), about 30 per cent at 30° {K = 7.84 X 10“^), and 42 per cent at 
43° (K = 18.8 X 10~^). Similar results were observed in a number of 
different solvents. 

The effect of the solvent on the dissociation may be shown by a com¬ 
parison of the dissociation constants for hexaphenylethane in a number 
of solvents. The solvents and the values obtained for K X 10'* at 20“ 
were: propionitrile, 1.2; ethyl benzoate, 1.7; acetone, 1.7; dioxane, 2.5; 
bromobenzene, 3.7; ethylene dibromide, 3.9; benzene, 4.1; chloroform, 
6.9; and carbon disulfide, 19.2. 

The third method of determining the extent of dissociation, first sug¬ 
gested by Taylor,** consists in measuring the paramagnetic susceptibility 
of a solution containing the free radical. It has been calculated that the 
paramagnetic susceptibility arising from the spin of one unpaired electron 
should be equal to 1260 X 10“* unit per mole of free radical at 20“. 
From the observed magnetic susceptibility of a solution it is posrible to 
calculate the concentration of the free radical and hence the degree of 
dissociation of the hexaajylethane.** 

** Ziegler and Evald, Ann., 4TS, 163 (1929). 

*• Taylor, J. Am. Chan. Soe., 48, 868 (1926). 

Roy and Marvel [ibid., 88 , 2622 (1937)] have described an apparalias and procedure 
for measuring the paramagnetic susceptibilities of solutions of free radicais by the Quincke 
hirdrostatic method. 
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One of the most influential factors affecting the dissociation of hexa- 
aiylethanes is the nature of the aryl groups attached to the c^tral carbon 
atoms. This is reathly i^parent from a comparison of the degree of dis¬ 
sociation of various hexaarylethanes under similar conditions. In Table 
n are given the values which have been obtained by the cryoscopic 
method in bensene (5“C.) at approximately the same concentration 
(about 0.08 molar, which corresponds to about 1-3 per cent solutions 
of the hexaarylethanes). 

TABLE II 


Dissociation or Hexaartlethanbs 


Radicals Formed 

Color of Radicals 

Dissociation of 
Ethane, %• 

Triphenylmethyl. 

Orange-yellow 
Brown (100°) 
Deep red 

Reddish brown 

1-3 

9-Phffliylfluoryl... 

0 


20-25 

’niphdsnylwi-An^ffylmfthy^ . 

25-30 

T>iphAny1.^na.pbt.hylmpt.hyl . 

Wine-red 

7-9* 

T>iph«myl-/a-naphthylinfithvl. 

Deep red-brown 
Deep red 

Orange 

Deep red-brown 
Orange-red 

Red 

28-31 * 


32-36 * 

TVinAwanioytmAtlivI .... 

95-100 


90-100, 64' 
13-16* 



18' 


Deep violet 

100, 74* 64' 



* Except M indicated, taIum are from Walden, "Cbemieder freien Radikale/’ Hirtel, I^psic (1024). 
^ Reoent ▼alupe obtained by Bachmann and Kloetcel \J, Org. Chem.j t, 3fiS (1038)]; the value* for 
dipbenyli^-naiditliylinethyl and diidienyi-cr-oapfatbylmethyl are lower than thoee reported previouely 
(30-^ and 56-410 per cent, reepectively). The lower valuee have been checked by Marvel and co- 
workera (unpubliidied revulta) by magnetic euaoeptibility meaeuremente. 

^ magoetic tuaoepUb«lity meaeurementa at 30^ by Marvel and oo-workore (unpubliebed 

retuha). The value for tri-p-bl|Aenylinetbyl woe obtained in a 0.0125 M aoluticm. 


From the values in the table it is apparent that all the aryl groups, 
with the exception of the 9-fluoryl group, are more effective than phenyl 
groups in promoting dissociation. Di-(9-phenylfluoryl) is a relatively 
stable hydrocarbon; its solution is colorless at room temperature and 
contains appreciable amounts of free radicals only at higher tempera, 
tores. The 1-phenanthryl, os-naphtbyl, and o- and 2 >.ani 8 yl groups are 
particularly effective in promoting dissociation. A few hexaarylethanes 
dtaaociate completdy in 1-3 per cent solutions; included in this group is 
IfCKarp-biphenyletbaae.*^ Paramagnetic measuremmts have indicated 

. .VgeUank, Weickd, and BananaMa, Ana., tflt, 1 (10(W. But aaa Sa chmann and 
miMtiwI (fut*»b of TaUe IB and Marvtl wbo ware unafaia to ohaok tola nwult. 
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that even the violet-colored solid hydrocarbon is the free tri-p-biphenyl- 
methyl radical.®^ Similarly, it has been reported that tri-p-nitrophenyl- 
methyl is a unimolecular free radical in the solid state. 

Paramagnetic measurements on a series of hexa-p-alkylphenylethanes 
(the same alkyl group was present on each phenyl group) in which the 
alkyl groups were methyl, ethyl, n-propyl, isopropyl, fiec.-butyl, and 
isobutyl indicated that these compounds dissociated to the extent of 
about 15-30 per cent in 0.1 molar solutions in benzene at 30°.®* Under 
practically the same conditions, the free radicals diphenyl-p-cyclohexyl- 
phenylmethyl and phenyidi-p-cyclohexylphenylmethyl were formed to 
the extent of about 10 per cent from the corresponding hexaarylethanes; 
at the same temperature but in a 0.01 molar solution of the hexaaryl- 
ethane, tri-p-cyclohexylphenylmethyl was formed to the extent of 50 per 
cent. From these results it is evident that alkyl groups in the -para 
position have a marked effect in increasing the dissociation of hexa- 
phenylethane. 

An interesting comparison of the effect of alkyl groups was obtained 
by determining the degree of dissociation of a series of si/m.-ch-falkyl- 
phenyl)-tetraphenylethanes (about 0.1 molar benzene solutions at 30°) 
which differed in the nature and position of the alkyl group. The larger 


TABLE III 

«y?n.-Dl-(ALKTLPHi:NYL,)-TBTHAPHBNTIiETHANB8 


Alkyl Group 

Dissociation, % 

p-Methyl 

5 

0 -Methyl 

25 

p-isopropyl 


p-(ert-butyl 

8-9 

! 


groups are somewhat more effective than the methyl group in promoting 
dissociation, and the methyl group is much more effective in the ortho 
than in the para position; in the mefa position the methyl group has an 
intermediate effect. 

The individual groups can be arranged roughly in the following order 
of influence on dissociation: 1-phenanthryl, o-naphthyl, o-anisyi > p- 
anisyl > i xanthyl > p-biphenyl > (3-naphthyl > p-alkylphenyl > 
phenyl > p-chlorophenyl > J 9-fluoryL 

» MoUer, MfkUer-Rodloff, and Bunge, Ami.. 8M. 235 (1935). 

" Marvel, Mueller, Hlmel, aod Kaplan, J. Am. Chan. Soc., Cl, 2771 (1939). 
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Eneiigies of Dissociation and Activation, llie heat of dissociation 
of a hexaarylethane can be calculated from the change in the dissociation 
constant of the system R 3 C—CBa 2 R 3 C with variation in the tem¬ 

perature. The dissociation constants Ki and K 2 being known at two 
(absolute) temperatures Ti and Tj respectively, the heat of dissociation 
can be calculated from the equation 


H 


R 


TiT, 

Tt-Tx 


In 


Ky 


where H represents the net increase in heat content of the system. 

From the values of the dissociation constants for hexaphenylethane 
in benzene {K X 10* = 2.6 at 13° C., 7.84 at 30° C., 18.8 at 43° C.), de¬ 
termined by measurements of the molecular extinction coefficients, 
Ziegler and Ewald obtained a value of 11.8 kcal. for the heat of disso¬ 
ciation. Practically the same value (10.5-12 kcal.) was obtained in nine 
different solvents. Similar results were obtained from the values of the 
equilibrium constants calculated from colorimetric data and magnetic 
susceptibility measurements.^ By the substitution of six phenyl groups 
for the six hydrogen atoms of ethane, the carbon-carbon bond strength is 
reduced from about 70-80 kcal.** to 11.8 kcal., a decrease of about 10-11 
kcal. for each phenyl group. 

The rate of dissociation of hexaphenylethane is rapid, although it 
appears slow in comparison with the speed with which the free radicals 
react. If a reaction is studied in which the reagent reacts practically 
instantly with triphenylmetfayl, then the speed of the over-all reaction 
will be a measure of the relatively slow dissociation process. Iodine, 
nitric oxide, and oxygen (in the presence of pyrogallol as an inhibitor of 
chain reactions involving the reaction of hexaphenylethane itself with 
the oxygen) have been employed.**’ ** With these reagents practically 
the some rate, corresponding to a unimolecular reaction —log (1 — Z) 
= kt/2.3, where Z is the fraction of hexaphenylethane reacted in time t, 
and k is the specific reaction rate constant, was obtained. In chloroform 
at 0°, k was found to be equal to 0.21. From this the “half-life” or 
period of half-change of hexaphenylethane can be calculated to be 3.3 
minutes; that is, one-half of the hexaphenylethane dissociated in this 


» MUler and MOUer-Rodloff, Ann., IM. 8S (1935). 

** PauUng, "The Nature of the Chemicid Bond," 2nd ed., Cornell TTniversity Preea, 
Ithaca, N. Y. (1940), glvea a value 08.0 kcal. for the average energy of (he oarbon-carbon 
bendi thSi value does not neoeaaarily r^reamt the heat of diaeociation of ethane into 
n^athyl mhcala. 

. b,JifithoS and Branch, J, Atn. Chem. Soe., 0,286 (1030). 

#^|Segler, Orth, and Wriiw. Atm,, SM, ISl (1988); Zieilei; and Ehvald, 904,162 
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period when the radicals were removed as fast as they were formed. At 
10 ° in the same solvent the half-life was only 1 minute. 

From the rates of dissociation and their temperature coefficients the 
heat of activation of the dissociation process can be calculated. While 
the energy of dissociation is concerned only with the initial and final 
states and tells to what extent dissociation occurs, the energy of activa¬ 
tion involves the energy needed to break the bond and gives information 
as to how fast the reaction proceeds. From the value of fci(0.21 at 0° C.) 
and fc2(0.72 at 10° C.) for hexaphenylethane in chloroform, the heat of 
activation can be calculated (using the same expression as for heat of 
dissociation) to be 19 kcal. Although the rate constants varied greatly 
in the nineteen different solvents which were used for the reactions, 
practically the same value for the heat of activation was obtained. 

The heat of activation is larger than the heat of dissociation by about 
8 kcal.; tliis difference represents the amount of activation energy re¬ 
quired for two moles of triphenylmethyl to unite to form hexaphenyl¬ 
ethane. 

Theories of Dissociation. Numerous explanations have been ad¬ 
vanced to account for the dissociation of hexaarylethanes into free 
radicals. Why does the substitution of six phenyl groups for the six 
hydrogen atoms of ethane, which is extremely stable and shows no signs 
of dissociation below 500°, cause the molecule to undergo dissociation at 
room temperature or below? According to one of the early views, the 
phenyl groups take up so much of the “affinity” of the central carbon 
atom that there is little tendency for the radical to combine with another 
similar molecule. 

Kharasch considered that the electronegativities (p. 1072) of the 
groups were of paramount importance in causing dissociation. According 
to him, substitution of three electronegative groups for the three hydro¬ 
gen atoms of the methyl group results in a displacement of the valence 
electrons away from the central carbon atom, thus making the radical 
weakly electronegative. It was considered that two such weakly electro¬ 
negative radicals should not form a stable compound. The greater the 
electronegativities of the substituting groups the larger the degree of dis¬ 
sociation of the ethane. Within certain limits there is a rough corre¬ 
spondence between the electronegativity of a group and its effectiveness 
in promoting dissociation, but there are also some striking diffa:ences. 

According to another hypothesis the size and weight of the groups 
are especially responsible. In virtue of the steric hindrance offered by 
the large groups the two ethane carbon atoms are unable to approach 

Khflrawdi and Markw« J . Ain, CKem. Soc*^ 4S, 3180 (1826); Ftenner, 

{bid., M. 674 (193!2). 
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each oih.er closely enough to form a normal carbon-carbon bond. In 
order to account for the greater effec^veness of the phenyl group in 
comparison with the cyclohexyl group in promoting dissociation, it was 
necessary to consider that unsaturation tt’as essential. That unsatura¬ 
tion alone is not sufficient was indicated by Marvel’s work on ethanes 
containing the highly unsaturated ethynyl groups. Even hexa-(tcrt.- 
butylethynyl)-ethane in which bulky unsaturated groups are present 
exhibited no dissociation. 

At the present time it is perhaps generally considered that the dis¬ 
sociation of the hexaaryletfaanes is more or less adequately explained on 
the ba^ of resonance and steric hindrance. While most theories 
account for dissociation on the basis of a weakened carbon-carbon link¬ 
age, Pauling and Wheland** considered the strength of the bond in 
hexaaiylethanes to be the same as that in ethane (70-80 kcal.). Accord¬ 
ing to them, dissociation is due not to the weakness of the ethane linkage 
but to the stabilization of the free radicals as a result of resonance. In 
the triphenylmethyl radical there are more possibilities for resonance 
than exist for the triphenylmethyl group in the hexaphenylethane, for in 
addition to having the resonance of the group the radical can resonate 
among nine additional structures in which the unpaired electron is upon 
the ortho and para positions of the benzene rings (p. 1980). Resonance 
among these structures increases the resonance energy of the system 
(resulting in a lower energy content of the resultant hybrid structure), 
and this increase compensates for the energy required to break the car¬ 
bon-carbon bond. With p-biphenyl or a-naphthyl groups attached to 
the central carbon atom the number of resonance possibilities is in¬ 
creased, and with a sufficient number of these groups present the extra 
resonance energy may mnount to the energy of the carbon-carbon 
linkage. 

Although the results of the calculations of the resonance effect are 
qualitative in nature, partly perhaps beca\ise of certain assumptions that 
must be made, such as a planar molecule, it is significant that the calcu¬ 
lated values are of the ri|^t order of magnitude. Moreover, the calcu¬ 
lations give the right ord^ for the relative effectiveness of various groups 
in promoting dissodation, namely, a-naphthyl > p-biphenyl > 0- 
naphthyl > phenyl. From wmilar considerations, Ingold ** has predicted 
the following or^ for the groups in promoting radical stability: 9- 
phenanthryl > a-anthryl > a-n4q>bthyl > /S-naphthyl > p-biphenyl > 
pl|4^henyl > phenyl. From the standpoint of testing Ingold’s predio- 
in r^ard to the d-phenanthrjd ipoup, it was unfortunate ttot the 

‘ WhdanA /. chtm. Phytic*, 1. M2 (1033). See alao Haofcei, i. Phytik, 

ti03S); Ingold, Anm. Bept.Clum. Soe., M, 152 (1028). 
frwB*. Faraday Sim., M, 52 <1034). 
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free radical 9-phenanthryldiphenylmethyI decomposed too rapidly to 
allow measurement to be made gn it.*“ 

From a study of the heats of oxidation and hydrogenation of tri- 
phenylmethyl, Bent has concluded that the bond in hexaphenylethane 
is weaker than that in ethane by about 30 kcal., and he attributes th^ 
weakening effect to steric hindrance. As will be mentioned later, 
certain alkyl groups when attached to the central carbon atom are 
effective in promoting radical stability; thus, the tert.-butyl group is as 
effective in this respect as the phenyl group. This may be explained in 
terms of a steric effect or on the basis of resonance in the alkyl group as 
Wheland “ has done. The latter explanation might be used to explain 
the effect of para-substituted alkyl groups in promoting radical stability 
but would be inadequate to accoimt for the much greater effect of the 
alkyl groups when situated in the ortho positions.® In the latter case the 
steric effect is probably predominant. 

Further investigations are desirable in order to determine the exact 
contribution made by resonance and by steric effects in promoting the 
dissociation of hexaarylethanes and to determine whether some other 
factor in addition to these is operative. 

Preparation of the Free Radicals. More than a hundred compounds 
have been prepared, many only in solution, which dissociate into tri- 
arylmethyl radicals. Most of the compounds that have been isolated are 
colorless, or nearly so, in the solid state, and it is generally assumed that 
the solid compound is the hexaarylethane. A few free radicals them¬ 
selves, notably tri-p-biphenylmethyl, phenyl-a-naphthyl-p-biphenyl- 
methyl, and tri-p-nitrophenylmethyl, have been isolated in the form of 
colored crystals. 

Three general methods have been employed to prepare solutions 
containing the triarylmethyls from which the hexaarylethane may be 
isolated: (1) by reaction of a triarylchloromethane with a metal; (2) by 
reduction of a triarylmethyl salt; (3) by abstraction of the metallic atom 
from the salts R3CK. 

1 . The classical method of Gomberg, which is most frequently used, 
consists in abstracting the halogen from a triarylmethyl halide, usually 
the chloride. The triarylcarbinol can be prepared generally from a 
ketone and a Grignard reagent or from an ester and two moles <rf a 
Grignard reagent. The triaiylchloromethane is formed by reaction <rf 
the triaiylcarbinol with acetyl chloride or with dry hydre^n chloride. 
In this manner triarylchloromethanes containing substituted phenyl 
groups and different aryl groups can be prepared. 

® Baabtnaim and Kloetiel, J. Org. Chem., S, 350 (1037). 

Bent and CuthbOTtaon, J. Am. Chem. Sec., 58, 170 (1938). 

M Whdand. J. Chm. Phya., t, 474 (1934). 



596 


ORGANIC CHEMISTRY 


A benzene solution of the triarylchloromethane is shaken with 
mercuiy or “molecular” silver (prepared by electrolytic precipitation of 
tbe metal from silver chloride) at room temperature for several days." 
Other metals such as zinc, copper (with heating), and sodiiun have been 
onployed, the last also in liquid ammonia." By concentrating the fli¬ 
tted, colored solution the hexaarylethane is obtained. Generally speak¬ 
ing, the essential conditions for the reaction are exclusion of all moisture 
in order to prevent hydrolysis of the halide, absence of oxygen, exclusion 
of acids, and protection from light. The reasons for these precautions 
will be clear from a study of the chemical properties of the triarylmethyls. 

2. It is generally considered that the intense colors of solutions of 
triarylcarbinols in alcohol or acetic acid containing a mineral acid are due 
to the formation of ionizable halochromic salts, R 3 COH + HX —► 
(RaC)"*" -f X“ -b H 2 O. The neutral free radical can be produced from 
the ion by means of certain soluble reducing agents as vanadous chloride 
and titanous chloride just as metals may be precipitated from solutions 
of their salts by suitable reducing agents. 

(R,C)+ + V++ R 3 C + V+++ 

As a rule the hexaarylethane precipitates out of the solution as it is 
formed by association of the free radical. By this reaction Conant and 
co-workers **• ** have isolated certain hexaarylethanes, such as those 
containing dimethylamino groups, which are difficult or impossible to 
prepare by other methods. 

3. The third method is generally employed when the chloride is not 
obtainable and has found its chief application in the preparation of free 
radicals other than the triarylmethyls. In this method the methyl ether 
of the carbinol is cleaved by metallic potassium to give the organopotas- 
sium derivative from which the potassium is abstracted by means of 
tetramethylethylene bromide” (ethylene dibromide tends to split off 
hydrogen bromide). 

R,COCH, + 2K -♦ + KOCHs 

2R,CK + (CH»)*CBrCBr(CH,), R,CCR, + (CH,)iC=C(CH,), + 2KBr 

Chemical Prcqperties. The triarylmethyls in solution differ widely in 
stability, the least stable being th<»e with OH, OCHg, NO 2 , and N(C^)j 
groups. Some radicals retain their unsaturated character for months, 

"Oomberg and Sdioepfle, J. Am. Chtn. Sloe., S9, 1652 (1017). 

N Knuu and Kawwmura, ibid., 4S, 2756 (1928). 

** Gonant and Sloan, ibid., 47, 572 (1926); Conant, Smalt, and Taylor, ibid., 47, 1050 

' ’IWCMiairt and Bigelow, ibid., W, 876 (1931). 

' ’ and Sdiadl, Am.. *tt, 227 (1924). 
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others for only a few hours, and some decompose spontaneously in a few 
minutes. This instability makes it extremely difficult to work with 
certain free radicals. 

For the most part the products of the decomposition of the radicals 
are not known, but sometimes it has been possible to determine the 
nature of the reactions that take place from the products which have 
been isolated. Polymerization, reduction, and oxidation are some of the 
reactions that take place, often spontaneously. Certain of these reac¬ 
tions are hastened or initiated by light, heat, or acids. Thermal decompo¬ 
sition of triphenylmethyl in boiling xylene yields highly colored un- 
crystallizable oils as the chief product in addition to a small amount of 
triphenylmethane. 

Disproportionation and Irreversible Dimerization. One of the char¬ 
acteristic reactions undergone by all free radicals is disproportionation, 
in which one molecule of the radical becomes reduced at the expense of 
another molecule which becomes oxidized. This reaction with the tri- 
arylmethyls is promoted especially by light. If a solution of triphenyl- 
mcthyl is exposed to sunlight, the yellow color of the solution gradually 
fades as disproportionation takes place. 



The products are triphenylmethane and 9-phenylfluoryl (which at room 
temperature associates completely to the hexaarylethane). 

Tri-p-tolylmethyl rapidly disproportionates to yield a mixture of tri- 
p-tolylmethane and a quinoid compound which undergoes polymeriza¬ 
tion.'* 



" Marvel, Rieger, and Mueller, J. Am. Chem. Soe., U, 2760 (1980). 
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Tliis reaction appears to be characteristic of bexaarylethanes containing 
a pora-substituted alkyl group which has a hydrogen atom on the a 
carbon atom. 

Another characteristic reaction of triarylmethyl radicals is the irre¬ 
versible dimerization to an isomer of the hexaarylethane; with triphenyl- 
methyl the product is p-benzohydryltetraphenylmethane. 

2(Cai»)iC (C,Ht)tCH—^~~y-C(CtHt)» 

This reaction takes place especially in the presence of mineral acids, 
even traces of the acid sufficing to produce the change. Treatment of a 
benzene solution of triphenylmethyl with dry hydrogen chloride or even 
shaking the solution with an aqueous concentrated solution of hydro¬ 
chloric acid converts the radical to the dimer. To a slight extent the 
triphenylmethyl is converted to a mixture of equal parts of triphenyl- 
methane and triphenylchloromethane. 

2(C*H,)iC + HCl -> (C6H6 )sCH + (C«H»)aCCl 

This type of reaction is the principal one occurring with some radicals, 
for example diphenyl-a-napfathylmethyj. 

Addition Reactions. One of the most remarkable properties of the 
triarylmethyl radicals is the rapid absorption of atmospheric oxygen to 
form colorless triarylmethyl peroxides.** 

2(CJ1,),C -t- O, -♦ (C,H.),COOC(C,H*), 

If the solution of the free radical is shaken with excess of oxygen, the 
absorption of oxygen is complete in a minute or two at room tempera¬ 
ture. Since the volume of oxygen that is absorbed corresponds roughly 
to the amount demanded by the equation, the reaction has been used to 
determine Uie purity of a given sample of triarylmethyl. The peroxides 
are usually crystalline compounds that can be isolated from the reaction 
mixture. Even when the free radical decomposes rapidly, the peroxides 
can often be obtained; invariably this can be done by shaking the tri- 
aiylmethyl halide with silver in the presence of oxygen. The reaction 
with oxygen serves as a convenient test for triarylmethyl radicals. 

Another striking reaction of triarylmethyls is the combination with 
icMiiBe at room temperature. The iodine adds to the carbon atom and a 
^tjsjqrlmethyl iodide is formed. 

' 2(C^,),C + hi=t 2(C^.)fCI 

WGaaiNiX and Cone, Btf.. VI, SftSS (1904). 
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The reaction is reversible, and the equilibrium that is reached varies 
with the particular compound, but usually corresponds to 60-80 per 
cent formation of the triarylmethyl iodide in 2-3 per cent solutions. 

Triphenyhnethyl is reduced by hydrogen although not rapidly; in 
the presence of platinum black, hydrogen is absorbed and triphenyl- 
methane is formed. The same product results when the radical is treated 
with zinc and acetic acid. 

2(C,Hj)jC + H*(Pt) 2(C,H5),CH 

Triphenylmethyl is capable of abstracting hydrogen atoms from phenyl- 
hydrazine, phenol, and hydrazobenzene. 

2(C(iHj)sC + CjHiiNHNHj ->■ (C,H 5 )»CH + C,HjNHNHC(C,H,)a 
2(C»H6 )sC + C*HsOH -V (C*Hs),CH + (C.Ha),G—OH 

2(C«H»)jC + C«HsNHNHC«H5 2(C»H6)8CH + C.H»N=NC«H» 

Sodium, in the form of sodium powder or amalgam, adds to tri¬ 
phenylmethyl in ether-benzene or in liquid ammonia and gives the 
intensely red triphenylmethylsodium. 

(C,H,),C 4- Na ->• (C»H»),CNa 

The Grignard reagent triphenylmethylmagnesium bromide can be 
obtained in quantitative yield by reaction of triphenylmethyl with a 
mixture of magnesium and magnesium bromide in anhydrous ether and 

2(C«H*),C + Mg + MgBr, 2(C,Hs)»CMgBr 

Two molecules of triphenylmethyl add to one of quinone and form 
the ditriphenylmethyl ether of hydroquinone. 


2(C.Ht)»C + 



/s=a*\ 

(C.H»),C—O—^ 




Similar to this reaction is the addition of triptmoylmethyl to un¬ 
saturated hydrocarbons and related , compounds." TiRth isoprene, for 

Gombteg and Baohmann, J. An. Chem. Soc., St, 2465 ( 1030 ). 

<1 Conant and Soherp. ibid., 63 , 1941 ( 1981 ). 



600 


ORGANIC CHEMISTRY 


example) 1,4-addition of the free radical takes place and 1,1,1,6,6,6- 
hexaphenyl-3-methylhexene-3 is formed. 

2(C8Hs),C 4- CHj==C—CH=€H, -♦ 

CH, 

(C,H6),C—CHr-C=CH—CHj—C(C#H6), 
CHs 


With maleic acid ditriphenyhnethylsuccinic acid is produced. 

CHCOjH (C,H6)8C—CHCOsH 

2(C,H.)8C +11 I 

CHCOjH (C*Hs)sC—CHCOjH 


Nitric oxide is absorbed by triphenylmethyl; the initial product is 
nitrosotriphenylmethane, (C 6 H 5 ) 3 CNO, which undergoes further reac¬ 
tion to undetermined products. Nitrogen dioxide is likewise absorbed by 
the free radical; the products are triphenylnitromethane and triphenyl¬ 
methyl nitrite. Sulfur adds to triphenylmethyl, and polysulfides are 
formed. 

The triarylmethyls exhibit a pronounced tendency to form molecular 
addition complexes with a variety of liquids. Addition complexes have 
been obtained from triphenylmethyl and aldehydes, ketones, esters, 
nitiiles, chloroform, ethers, lienzene, and even saturated hydrocarbons 
as heptane, decane, and cyclohexane.^ The addition compounds usually 
lose the solvent at 50-100°, but some are remarkably stable. 

Because of the extraordinary tendency to undergo addition reactions, 
triphenylmethyl has found application as a reagent for the detection of 
other free radicals, and to “capture” short-lived free radicals which are 
formed as intermediates in certain chemical reactions. 

Reactions with Triarylmethyl Halides and Inorganic Salts. The tri- 
arylmethyk possess a number of properties which find their counterpart 
in the behavior of metals. Just as one metal can displace another from 
its salt, so can one triarylmethyl displace another from its triarylmethyl 
halide. Thus, addition of a yellow solution of triphenylmethyl to a 
colorle® sedution of phenyl-p-biphenyl-a-naphthylchloromethane evokes 
the deep brown color of phenyl-p-biphenyl-a-naphthylmethyl.“ The 
following reaction proceeds imtil equilibrium is attained: 


(C«H8),C + 

OrCioHf^ 


(C,H»),CCi + 

cr-CioHr'^ 


‘**G<»lib«rg, Oruj., S6, 1144 (1914); Chm. Bn., 1, 91 (1034); S, 310 (192S). 
4*SaU«n|[ and Beneosteia, Arm., 394. 199 (1912). 
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Like metals, the triarylmethyls are capable of reducing certain inorganic 
salts.** Silver perchlorate and other silver salts are reduced by triphenyl- 
methyl to metallic silver. 

(C6H6)8C + AgClOi (CeHslsCClOi + Ag 

Similarly, mercury, platinic, and auric salts are reduced to the corre¬ 
sponding metal by the free radical. Ferric chloride is reduced to ferrous 
chloride. 

(C«H6).C + FeCl, *:± (C«Hs)sCCl + FeCU 

The reverse of this type of reaction, namely, the reduction of the triaryl- 
methyl salt to the free radical, has already been discussed as a method of 
preparing the radicals. Conant and co-workers “ found that a mixture 
of a radical and its halochromic salt possesses a definite potential analo¬ 
gous to that of a metal in contact with a solution of its salt. They deter¬ 
mined the single-electrode potentials of several radicals at varying con¬ 
centrations of hydrogen ion. 

Solutions of triarylmethyl halides in liquid sulfur dioxide are good 
conductors of the electric current; the carriers appear to be the triaryl¬ 
methyl cation and the chloride ion which are produced by ionization of 
the halide, II 3 CCI (RsC)"^ + Cl“. On electrolysis of the solution the 

electrically neutral radical is formed at the cathode. Solutions of the 
free radicals in sulfur dioxide also conduct the current, a remarkable 
property for a hydrocarbon; no conduction is observed in benzene or in 
nitrobenzene. The triphenylmethyl radical gives up its unpaired electron 
to the sulfur dioxide, and triphenylmethyl cations are formed, a process 
analogous to that which takes place when sodium is dissolved in liquid 
ammonia. 

(C«H5),C 5=± (Cai8)3C+ + e 

The cation and the solvated electron, and not the free radical, are the true 
conductors. The absorption curve for a solution of triphenylmethyl in 
sulfur dioxide is .similar to that for a solution of triphenylmethyl bromide 
in the same solvent, and in dilute solutions the amount of triphenyl¬ 
methyl cation is the same from both sources, radical and halide.** The 
absorption curve for triphenylmethyl in ether, in which the radical is not 
ionized, is different from the curves obtained for the triphenylmethyl 
cation. 

The free radicals may be characterized as amphoteric in nature inas¬ 
much as the triarylcarbinob RaCOH exhibit baselike properties in their 
ability to form ionizable halochromic salts with mineral adds and the 

** Qombera and GamraUk, unpublished results. 

** Anderson, J. Am. Chtm. Soe., ST, 1673 (1036). 
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oorreqjoiuluig hydrides BaCH are weakly acidic, forming sodium deriva* 
tives BaCNa, which yield tiiarylmethyl anions. 

Biiadicals 

A number of compounds known as biradicals have been prepared 
which appear to contain two carbon atoms each linked to only three 
groups. A quinoid structure has been assigned to the intensely colored 
hydrocarbons of the type of p,p'-phenylenebis(diphraiylmethyl) (I) be¬ 
cause of tlie relative stability of solutions of the hydrocarbons to oxygen. 
Irradiated solutions, however, lose their color in the presence of oxygen, 
and it has been suggested that the biradical is formed under the influ¬ 
ence of light.** Although some have considered that the violet-colored 
solid p,p'-biphenylenebis(diphenylmethyl) (II), which in solution rapidly 


(C,H») 





1 


(C.Hs)aO 




n 


absorbs oxygen, exists entirely in the biradical form, measurements of its 
paramagnetic susceptibility have shown that the compound is practically 
entirely (at least 99 per cent) in the quinoid form. In general it appears 
that the quinoid rather than the biradical structure is assumed whenever 
the former state is possible. In order to prevent the formation of the 
quinoid form Mtiller and Neuhoff and Theilacker and Ozegowski *• 
introduced large groups into the ortho pomtions of the biphenyl ring; 
since the coplanar structure is not possible, the quinoid form cannot be 
tak^. As a result the compounds which they prepared exist in part as 
the Inradicals III and IV. 


Cl Cl CH, 



Cl Cl CH. 

in IV 


In the mda derivative (V), in which quinoidation is not possible, 
fbout 6 per cent of the Uradaxl is present in a benzene solution at 74°. 

•* SdiAnberg, Tram. Faraday Soe^ tt, «14 (1936). 

«Ki Neuhoff, Bar., TI, 3003 (H*9>. 

and OM«i>w«ki. Bar., n. 33. SOS (1040). 



FREE RADICALS 


603 


The corresponding ortko compound, 9,9,10,10-tetraphenyldihydrophe- 
nanthrene (VI), shows no signs of dissociation. 




CH, 

/ \ 


PhiC-CPhj 


VII 


Wittig and Leo ** have prepared 1,1,2,2-tetraphenylcyclopropane 
(VII) in order to determine whether the ring strain would aid in ruptur¬ 
ing the bond between the two carbon atoms holding the aryl groups. The 
compound, however, proved to be colorless and stable. They have a,lso 
prepared compounds of the type 


(CbHs) iC— ^ y —(CHt) n— ^ ^ —C (C*Hb) « 

where n = 1, 2, 3, and 4. Intramolecular union of the two terminal 
valences is not possible when n is 1 or 2, and the biradicals that are 
formed show a broad absorption band Uke that of tri-p-biphenylmethyl. 
When n is 3 or 4, union of the valences is possible and the absorption 
band of the biradicals resembles that of triphenylmethyl. 

The interesting red hydrocarbon 5,6,11,12-tetraphenyInaphthacene 
(VIII) of Moureu and Dufraisse absorbs oxygen when irradiated, and 
it has been assumed that the light energy transforms the ordinary form 
of the molecule into the biradical (possibly IX), but this has not been 



confirmed by magnetic measurements.** Similarly 2,3,6,7-dibenaanthrar 
cene, a violet-colored hydrocarbon, exists completely in the quinotd form 
(X) both in solution and in the solid state contrary to the view of Clar,** 
Who believed it to be entirely in the biradical form. 

•* Wittig and Leo, Bcr., 61, 864 (1028); 6B. 1405 (1029). 

Moureu and Dufraisse, BvM. toe. chim., [4] 63,780 (1033); a raviaar of tha ehemistry 
of the rubenea. Dufraisse and Vellus, Compl. rtnd.. Ml, 1394 (1036); Allan and Gilman, 
J. Am. C6sm. Soc., 68, 037 (1936). 

» MOUer uid MOUen-Rodloff. Ana., 617. 134 (1036). 

•* Clar, Ber., M, 603 (1032). 
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X 


C,H, 



When a solution of 9,10-diphenylanthracene is heated a color devel¬ 
ops, which fades when the solution is cooled. Ingold and Marshall 
ascribed the color to the biradical XI, but Dufraisso and Houpillart 
believe that the color arises simply from a general modification of the 
light absorption by 9,10-diphenylanthracene with increased temperature. 


Diaiylmethyls 


^m.-Tetraatylethanes. The successful demonstration that com¬ 
pounds can be prepared in which a carbon atom is linked to only three 
groups naturally encouraged investigation to determine whether the 
three groups needed to be aryl groups. The two tctraphenylcthanes can 
be distilled (b. p. 280®) without decomposition, and no evidence of dis¬ 
sociation has been detected in sym.-tetra-p-biphenylethane. In har¬ 
mony with these results is the fact that one cannot prepare a solution 
containing appreciable amotmts of diphenylmethyl radicals, (CoH 6 ) 2 CH. 
As will be shown in a later section, there is evidence that diphenylmethyl 
radical are formed by reaction of diphenylbromomethane with silver, 
but these rapidly associate completely to form syro.-tetraphenylethane. 
Recently Nauta and Wuis “ reported that the violet-red solution which 
is formed by the action of silver on dimesitylbromomethane in benzene 
probably contains the free dimesitylmethyl radical, but further evidence 
is required before this view can be accepted. 

In the tetraarylethanes and other compounds that will be met with 
later we encounter what might be termed borderline cases in which it 
is sometimes difficult to distinguish whether a slight dissociation occurs 
or whether the compcmnds nmply possess a weakened ethane linkage. 
Thus, bixanthyl (XII) does not appear to dissociate into free xanthyl 


0 CH—HC 


O 




0 CHBr 


xa xm 

" iBgoid and Marahan, J. Chem. Soe.. 8080 (1926). 

P* ThdT^BBe and Houpillart, BuO. Mo. efttm.. [6] •, 1628 (1988). 
and Wufa. Rm. tnw. ehim., «f, 41 (1938). 
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radicals, yet the compound reacts with bromine to give two molecule 
of xanthyl bromide (XIII), and a solution of bixanthyl absorbs oxygen 
at 150® and gives xanthone. That the ethane linkage in the two tetra- 
phenylethanes is weakened by the four aryl groups is shown by the 
cleavage of the bond by metallic potassium at room temperature. 

(C#Hb)2CHCH(C,H6)» + 2K 2(C,H6)2CHK 

Pentaarylethanes. The pentaarylethanes are colorless solids which 
give colorless solutions at room temperature." The solutions are rela¬ 
tively stable to air at room temp>erature, but at 100° oxygen is absorbed 
rapidly to give the unsymmetrical triarylmethyldiarylmethylperoxide 
RaCOOCHRj as the chief product in addition to a small amount of 
triarylmethylperoxide. From a study of the rate of oxygen absorption 
at 80-100° it was established that pentaphenylethane in solution imder- 
goes reversible dissociation into triphenylmethyl and diphenylmethyl 
radicals." 

(C»Hb)3C—CH(C6H6)2 (CbHbIsC + CHICbHbIj 

The rate-controlling step was found to be a unimolecular reaction in 
agreement with that demanded by the dissociation process. The degree 
of dissociation is extremely slight, as is evident from the fact that a 
solution of pentaphenylethane in o-dichlorobenzene is colorless even at 
95 °, yet dissociation at this temperature is rapid, the “half-life” being 
9 minutes, as measured by the rate of reaction with oxygen and with 
iodine. At 100° the half-life of pentaphenylethane is approximately the 
same as that of hexaphenylethane at 0° in toluene, namely, about 5 min¬ 
utes. The heat of activation of the dissociation process was found to be 
about 28 kcal., which is about 8-9 kcal. higher than that of hexaphenyl¬ 
ethane. 

The behavior of solutions of the j)entaarylethanes can be readily 
interpreted in terms of the reversible dissociation of the hydrocarbons 
into free radicals. When a solution of a pentaarylethane is heated a 
temperature is reached at which the color of the triarylmethyl radical 
appears; this radical becomes visible when a sufficient number of the 
diarylmethyl radicals have been removed from the equilibrium (by 
irreversible association to 8ym.-tetraarylethane). The color is not 
removed when the solution is cooled, but can be discharged by oxygen 
or iodine. The temperature (70-105° for most of them) at which the 
color appears varies with the groups present in the pentaar 3 rlethane. 

•* Bachmann, J. Am. Chem. Soc.t tf, 213S (1033). 

" Bachmann and Wiaeloide, J. Org. Chem., 1, 364 (1036); Bacfamann and Oabom, ibid., 
f. 20 (1940). 
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The groups that especially promote dissociation of hexaaiylethanes, 
a«naphthyl, p-biphenyl, and p-anisyl, have a similar effect in the penta* 
aiylethanes. Continued heating at 150-200°, at which temperature the 
triaiylmethyl radicals are decomposed, leads to complete decomposition 
of the pentaarylethane with fonnation of large amounts of the sym.- 
tetraarylethane. The rapid reaction of pentaphenylethane with bromine 
at 100° to pve triphenylbromomethane and diphenylbromomethane and 
the reduction of pentaarylethanes by phosphorus and hydrogen iodide 
in acetic acid (118°) to triarylmethanes and diarylmethanes are readily 
explained on the basis of the intermediate formation of the free radicals. 

The pentaarylethanes are easily obtainable through reaction of a 
diarylmethyl halide and a triarylmethylsodium or in some cases a tri- 
arylmethylmagnesium bromide. 

(CeH,),CNa + BrCH(C»Hj), (CJIOaC—CH(C,Hi)j + NaBr 

An interesting synthesis of pentaphenylethane involving the “capture” 
of diphenyhneliiiyl radicals by tripbenylmethyl radicals is described in 
the discussion of mechanisms of reactions. 

Diaiylalkylmethyls 

j||fm.>Tetraaiyldialkyletbaiies. Substitution of two alkyl groups for 
the two hydrogen atoms of sym.>tetraphenylcthane weakens the ethane 
bond to sudi an extent that the compounds are thermally unstable and 
may dissociate. sym.-Tetraphenyldimethylethane and syw.-tetraphenyl- 
diethylethane decompose spontaneously in Solution, the latter hydrocar¬ 
bon more easily than the former. In this decomposition sj/m.-tetraphenyl- 
dimethylethane gives 1,1-diphenyIetfaane and 1,1-diphenylethylene, and 
one may suppose that radicals are formed which quickly undergo dispro¬ 
portionation. 

(C,H»)*C—CHa (C«H»)^—CH* (C6Ha)*CHCH, 

I -4 —» 

(0«Hi)*C-CH| (C.H»),C—CH, (C.Hs)iO=CH* 

The s^-tetraaryldialkylethanes were prepared from the methyl ethers 
of the diarylalkylcarbinols by method 3 described under the preparation 
of triaryhmthyls (p. 595). This method was employed because the 
diarylalkylchloromethanes are unstable and lose hydrin chloride to 
yield oleSm. 

Secondary and tertiary alkyl groups have a greater influence than 
Ipitqaary groups in weakening the et^ne linkage. Thus, eym.-tetn- 
llp^^yldicyclobexylethane (XIV) in scflution absorbs oxygen and gives a 
ipH^biidde, as does sym.-dipheayiteitaeycloh6xyiethane, altinmi^ no evir 
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dence of dissociation of the latter hydrocarbon has been obtained by 
physical methods. «ym.-Tetraphenyl-di-feri.-butylethane (XV) appears 
to dissociate into radicals when its solution is heated above 50°, and 
8 j/wi.-tetra- 3 >-biphenyl-di-feri.-butylethane is 74 per cent dissociated in 
dilute solution into orange-red di-p-biphenyl-ieri.-butylmethyl radicals 
(XVI).« 

(C«H.)*C—C,Hu (C,H6)aC—C(CH*), 

I I 

(C,H,)sC—C»Ha (C.H5)2C—C(CHs), 

XIV XV 


>C—C(CH,), 
?)-C»HsC.h/ 

XVI 


Pentaaiylethyls. The tertiary triphenylmethyl group seems to be 
more effective than any aryl group in promoting dissociation. Schlenk 
and Mark have reported that the yellow pentaphenylethyl (XVII) and 
the violet 9-(triphenylmethyl)-fluoryl (XVIIl) are unimolecular free 


C»Hs. 


C^v 


^>C—C(C,H*), 


XVII 



radicals both in solution and in the solid state. The preparation of 
pentaphenylethyl was carried out in the following manner. 


(C,H5 )jCC 1 s + 2(C6Hs)3CNa (C,H»)sCC(C(,H»), + 2NsCl + (CeH*),C 


Tetraarylallyls. The unsaturated /S - diphenylvinyl group 
(CaH 5 ) 2 C=CH— is especially effective in promoting dissociation. Free 
radicals have been prepared in which the phenyl groups of triphenyl¬ 
methyl have been replaced by one, two, and three of these unsaturated 
groups.® Even 1,1,3,3-tetraphenylallyl (XIX), which contains only one 
/3,j3-diphenylvinyl group, is present to the extent of 80 per cent in 
equilibrium with the bimolecular form in a 2 per cent benzene solution 
at 5°, and l,l-di-7^■anisyl-3,3-diphenylallyl (XX) is completely unasso- 

(C*H»)tC—CH=C(C6H»), (p-CH,OC,H0»G—CH=-C(C6H6)* 

XIX XX 


ciated under the same conditions. Phenyldi-03,l3-di-phenylvinyl)-methyl 

** Conont and Schultx, /. Am. CA^m. Soc., U, 2098 (lOSS). 
w SeUenk and Mark, Btr., H, 2^ (1922). 

“ ZMi^dr, 484, 34 (1923); Wlttig and Obermum, Bar., 88, Sai4 (iMfi); 
and KoMek. Aim., 888, 187 (1037). 
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(XXI) and tri-(|8,/3-diphenylvinyl)-methyl (XXII) (which forms black 
crystals) likewise appear to be unimolecular free radicals. 

CsHjC—CH*=C(C^,)* (C,H»)aO=CH—C—CH=C(C«H(), 

I I 

CH=C(C«H6)* CH=C(C«H»)j 

XXI XXII 

(C,H6)*C=CH—CH—CH=C(CeH5)a 

XXIII 


The radical di-(/9,^-diphenylvinyl)-methyl (XXIII) has only two of the 
uusaturated groups in addition to a hydrogen atom attached to the cen¬ 
tral carbon atom. In these compounds the unpaired electron can shift 
to a number of different carbon atoms other than those in the ring. 
Attempts to prepare hexa-/3-styrylethane and di-^-styryltetraphenyl- 
ethane were unsuccessful; only stable isomeric hydrocarbons were ob¬ 
tained, presumably through rearrangement.** 

Kohler ® was actually the first to observe the influence of the substi¬ 
tuted Adnyl group on radical formation. By removing the halogen atom 
from 1,2,3-triphenylindyl bromide by means of a metal he obtained the 
1,2,3-triphenylindyl radical (XXIV). Closely related are 2,3,4-triphenyl- 
chromenyl (XXV) and pentaphenylcyclopentadienyl (XXVI) prepared 
by Ziegler. The last-mentioned radical, which has a beautifully sym¬ 
metrical structure, does not associate to the bimolecular form." 



. 0 , 



1-^ CeHt 




C—CeHt 


I 

CeHs 


XXV 


C#H6 C))H5 

\ / 


c-c 


CgHt— CgHg 


CeHg 

XXVI 


Sgd'-DiaJkylbixauthyls. Conant ** has summarized the effectiveness 
of various groups R in promoting dissociation in the substituted bi- 


() C—C O 


20^^ C- 


-R 


xmitlQrl molecule by |flacing them in three classes as follows. 

•I Marvel, Mueller, and Ptjypel, J, Am. Chen. 8oe„ <0, 410 (1938). 

' « KoUer, Am. Chem. J., 40, 217 (1008). 

, «*M&llera&dMQUer-Ro<noff, Ber„«9,de6<193e). 
pCSaaaah, Small, and StOMt, /. Am. Chem. See., 48, 1748 (1928). 
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Class I: cyclohexyl, isopropyl, sec.-butyl. 

Class II: benzyl, p-chlorobenzyl, pn.-isobutyl, a-naphthylmetbyl. 

Class III: methyl, ethyl, n-butyl, n-hexyl, isoamyl, phenylethyl. 

The substituted bixanthyls which contain groups from Class I as ' 
R give highly colored solutions at 25°; the colors become deeper when 
the solutions are warmed and fainter at low temperatures. The sub¬ 
stances are unstable, and at temperatures above 60-70° the colors of the 
solutions disappear rapidly, probably through disproportionation of the 
free radicals. Solutions of the compounds'hbsorb oxygen almost instantly 
at room temperature and usually give crystalline peroxides. 

Solutions of bixanthyls containing groups of Cldss II become colored 
only when warmed to 80-100°. Even the colorless solutions absorb oxy¬ 
gen very rapidly at room temperature. 

The primary groups (Class III) are least effective in weakening the 
ethane linkage; solutions of bixanthyls containing these groups become 
colored only when heated to about 140°. All these compounds absorb 
oxygen very slowly at room temperature. It has been shown that even 
in the colorless solution there exists a slight dissociation into aUtybcanthyl 
radicals.® 

Conant “ has evaluated the effect of various alkyl and aryl groups in 
decreasing the heat of dissociation of the ethane linkage. The decrease 
in kilocalories caused by the replacement of a single hydrogen of ethane 
was calculated to be: methyl, ethyl, 5; n-butyl, 6; benzyl, 7; biphenyl- 
ene/2, 9; isopropyl, tert.-butyl, phenyl, 11; xanthyl/2, 11.5; p-anisyl, 
/3-naphthyl, 12; a-naphthyl, 13. 

Bent has studied the addition of sodium to free radicals containing 
carbon linked to three groups, R + Na = R~ 4- Na"^. When the 
organosodiura compound is shaken with merciuy the reaction partially 
reverses, and from the equilibrium data the free energy change (p. 1794) 
of the reaction was obtained. It was found that the electron affinity of 
the free radicals was nearly the same (16-20 kcal.) for all of them. 
From the value of the free energy Bent calculated the heat of dissociation 
of dibenzylbixanthyl and diphenylbixanthyl to be 16-17 kcal., in agree¬ 
ment with the values obtained by Conant. 

A rough comparison of the relative reactivity of certain substituted 
ethanes can be obtained by the use of liquid sodium-potasrium alloy 
(2 : 5) and the liquid 40 per cent and 1 per cent sodium amalgama as is 
shown in Table IV. 

•* Conant and Evans, Aid., #1, 192S (1929). 

•• Conant, J. Chem. Pkya., 1, 427 (1933). 

•» Bent, J. Am. Chm. Soc., SS, 1786 (1931); Bent and Ebert(, HriA, «, U42 (1936). 
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TABLE IV 

Cleataoe or StTBSTiruTED Ethanes bt Alkali Metals 


Subetanoe 

Na-K 

Na-Hg 
40% i 

Na-Hg 

1% 

Hexapheny lethane. 

+ 

+ 

+ 

Di-pn’.-alkylbixanthyla. 

+ 

+ 

— 

Bixanthyl. 

+ 

— 

— 

Tetn^heaylethane. 

+ 

- 

- 

Bibenzyl. 

+ 




A jdus aifn mdieateo Appredable deavace in 6 minutes. 


Aryl>(alkylethynyl)-ethanes. In order to determine whether unsatura- 
tion in groups is an important factor in promoting dissociation, Marvel “ 
has prepared a large number of ethanes containing aliphatic acetylenic 
groups. An interesting member of the series is hexa-(<er<.-butylethynyl)- 
ethane (XXVII). Some of the hydrocarbons absorbed oxygen, and all 

[(CH,),C—C^C—]sC—C{—C^~-C(CH,)3]* 

XXVII 

of them were cleaved by the action of alkali metals. Many of them were 
extremely unstable, decomposing or rearranging to other products even 
at low temperatures. Although in no instance was direct proof obtained 
that dissociation into radicals took place, the intermediate formation of 
free radicals appeared to be responsible for some of the rearrangements 
undergone by these compounds. 


Diarylacylmethyls 


^vm.-T«txaphenj1dibenzoylethane. This compound behaves as 
though it dissociate into free radicals.** Although it was expected that 
the compound would dissociate into diphenylbenzoylmethyl radicals 


C*H*. 

C.H 




•Ht 


0 

xxviir 


C,H». 

C.H»' 




XXIX 


(XXVIII), the reeujtions of tlie free radical are better mqrlaine in terms 
^ the mesomeric form (XXIX). Thus, the free radical does not react 

and Marvel, Md., 6S, 3S40 (1931); Saliberg and Marvat, SO, 1737. 
'(.>■ and ScbuKtar, Aim.. 4Xi, 106 (1930). 
















FREE RADICALS 611 

with bromine and it adds sodium to form the sodium salt of triphenyl- 
vinyl alcohol (C 6 H 8 ) 2 C=C(ONa)(C 6 H 6 ). 


Dlaiylcarbozymethyls 

Bixanthyl-9,9'-dicarboxylic Acid. A solution of this acid or its 
dimethyl ester in ethyl benzoate becomes colored when heated to about 
105-115°, and the color disappears when the solution is cooled.™ In the 
process the free radicals 9-carboxyxanthyl (XXX) (or 9-carbomethoxy- 
xanthyl) are formed. Towards oxygen the compounds are much less 
reactive than the least reactive of the 9,9'-(iialkylbixanthyls. 



XXX 


OOH 


Bislactones of syni.-Diaiyldi-(o-hydroiyaiyl)-succinic Acids. The 

bislactone of syffi.-diphenyldi-(o-hydroxyphenyl)-succinic acid dissoci¬ 
ates to the extent of 50 per cent into free radicals in a hot dilute toluene 
solution. 


C.H, C«H, CsHs 



Certain substituted lactones of this type apprear to dissociate com¬ 
pletely.” 

Tetraaxylsuccinonitriles. A solution of tetraphenylsuccinonitrile be¬ 
comes colored when heated to 140°, and a solution of tetra-j>-anisylsuo- 
cinonitrile exhibits a color at 60-80° in virtue of the free diarylcyano- 
methyl radicals which are formed.” 

(CtHi)tC -CfCsHe)* 2(C8H6)tC 

CN CN ON 


Solutions of the compounds absorb oxygen very dowly and react with 
nitrogen dioxide and with phenylhydrazine. 


™ Conant aad Garvey, Jr., J. Am. Chem. Soe., 4 #, 2080 (1927). 
n LOwenbein and Folberth, Ber^ tS, 610 (1926). 

” LCwenbem and OaBarin, Ber., M, 2643 (1926); Wittig and Betri, Ann. 61S. 26 
(1934); Wittig and Pookela, Ber., W, 700 (1936). 
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Diarylhydxozymethyls 

At 150-200° benzopinacol (tetraphenylethylene glycol) and other 
aromatic pinacols Il 2 (OH)C—C(OH)R 2 decompose with cleavage of the 
ethane linkage to give a mixture of the ketone R 2 CO and the hydrol 
RaCHOH. Although this reaction is interpreted conveniently in terms 
of an intermediate formation of free diarylhydrojganethyl radicals, no 
conclusive evidence has been obtained to show that pinacols dissociate 
into free radicals. Dissociation into colored free radicals occurs when 
the hydroxyl hydrogen atoms of the pinacol are replaced by metals. 

Metal Ketyls. In 1891 Beckmann and Paul observed that aromatic 
ketones react with metallic sodium in anhydrous ether to give deeply 
colored derivatives. Twenty years later, Schlenk and co-workers 
showed that the colored compounds were free radicals of the type 
R 2 C—ONa, formed by addition of an atom of sodium to a molecule of 
ketone. 

CtH.\ CaH*. (CaH.)jC—ONa 

2 'X^==0 -> 2 ')>C—ONa ^ | 

CaH,/ CaHa/ (CaHa)aC—ONa 

Sodium ketyl Sodium picaoolato 

Similar metal ketyls, as the radicals were named, are formed by reaction 
of aromatic ketones Avith potassium, lithium, cesium, and rubidium. 

Although at first it was thought that the sodium ketyls are unimolec- 
ular radicals, it was shown later that association to the sodium pinacolate 
does take place.’^’ The effect of solvent on the position of eciuilibrium 
was shown by measurements of the magnetic susceptibilities of the 
solutions. It was found that the sodium salts of benzopinacol and of 
«jpn.-4,4'-diphenylbenzopinacol are less than 1 per cent dissociated in 
benzene," Iwt in dioxane the potassium .salt of the last-named pinacol is 
86 per cent dissociated in the concentrations employed." 

The sodium pinacolates dissociate rapidly into the sodium ketyl 
radicals. These radicals react rapidly with iodine and with oxygen; in 
both reactions the principal product is the ketone. 

. 2<C»Hs),C--ONa + I* -♦ 2(CsH,)*CO + 2NaI 
’ 2(Cda[»)*C—ONa + 0, 2(C6H,),C0 + Na20, 

If dilute acid is employed for hydrolysis of the equilibrium mixtures in 
ether and benzene, nearly quantitative yields of the pinacols are ob* 

"Schlenk and Thai, Bar., U, 2840 (1013). 

. *» JBwdimann, /. Am. Chem. See., t», 1170 (1933). 

S [>oeechmr and Wheland, Md., M, 2011 (1034). 

lOgdca, Tnau. Baradav See., M, 18 (1984) { Allen and Sugdm, J • Chem. Sec., 440 
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tained,^* but with water alone a mixture of equal parts of ketone and 
hydrol is formed, presumably through cleavage by alkali of the pinacol 
initially formed. 

When treated with an excess of sodium or 40 per cent sodium amal¬ 
gam, the metal ketyls form intensely colored disodium derivatives of the 
ketones. 

(C(iHs)sC—ONa + Na -> (CsHslaC—ONa 

I 

Na 

(Blue) (Violet) 


Sodium ketyls of the aliphatic and mixed aliphatic-aromatic series 
have been prepared. Branched aliphatic groups favor the formation of 
these ketyls. Thus, di-tert.-butyl ketone reacts with sodium to give a 
deep red sodium ketyl which slowly passes into the dimeric form. Crys¬ 
talline sodium ketyls were obtained from w-trialkylacetophenones and 
sodium.” 

Aromatic ketones react rapidly with a mixture of magnesium and 
magnesium iodide (which behaves like the equilibrium mixture, Mg + 
Mgl 2 ^ 2MgI) in ether and benzene; colored iodomagnesium ketyls 
are formed by addition of Mgl to the carbonyl group. These iodomag¬ 
nesium ketyls quickly associate to colorless iodomagnesium pinacolates 
until equilibrium is established.™ 


2RsC=0 ■ - * - t 2 R 2 C—OMgl 


RsC—OMgl 


R 2 C—OMgl 


Hydrolysis of the mixtures usually gives nearly quantitative yields of 
pinacols. Like the sodium ketyls the iodomagnesium ketyls yield the 
ketone when they react with iodine or with oxygen. 

Diphenyl Ether of Benzopinacol. When a colorless solution of this 
compound in naphthalene is heated, a red color is produced; this color is 
attributed to the formation of diphenylphenoxymethyl radicals. 


(CbHOjC—0C,H6 

1 ^ 2(C.H6)*C—0C»H6 

(C«H6)2C—OC^Hs 


Free Alkyl, Aryl, and Other Simple Radicals 

Free Al^l Radicals. In 1929-1931 Paneth and co-workers dem¬ 
onstrated the existence of free methyl and ethyl radicals. To prepare free 

" Favoreky and Naiarov, BtiU. toe. chim., [6] 1, 46 (1934). 

Gomberg and Bachmann, J. Am. Chan. Sac., 49, 236 (1927). 

™ Paneth and Hofediti, £«r., 61, 1336 (1929) ; Paneth and Lautadi, £er.. 64, 2702 
(1931); Paneth and Herzteld, Z. ElektroAem., 87, 677 (1931). 
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methyl, vapora of tetramethyllead were carried by a rapid stream of 
hydrt^n under reduced pressure (1-2 mm.) through a tube which was 
heated strongly (600-800°) at one point A. The tetramethyllead was 
decomposed by the heat as was evident from the deposition of a lead 
mirror at A ; among the products of decomposition was gaseous methyl 
which may be supposed to originate from the reaction 

(CH,)4Pb 4CH, + Pb 

The presence of free methyl was detected in various wa 3 rs. A lead 
mirror was deposited at B farther along the tube and was allowed to cool 
to room temperature. Now, when decomposition of tetramethyllead 
was produced at A, the lead mirror at B gradually disappeared as it was 
removed by chemical combination with the methyl radicals to form tetra¬ 
methyllead. If the mirror at B was more than a certain distance (32 cm. 
under the conditions employed) from the source A of the methyl radicals, 
the mirror was not removed, an indication that the free methyl radicals 
decomposed within a short time. From a measurement of the relative 
rates at which standard mirrors were removed at various distances from 
the source A, the “half-life” period of the methyl radical was calculated 
to be of the order of 0.006 second at a pressure of 2 mm. in hydrogen; 
this means that one-half of the total amount of free methyl radicals will 
be decomposed in that length of time. 

The free ethyl radical has been prepared by thermal decomposition 
(rf tetraethyllead; its half-life is of the same order as that of free methyl. 
Evidence has been obtained of the formation of the free benzyl radical 
QjHaCHa (half-life about 0.006 second), but the higher alkyl radicals 
such as n-propyl and n-butyl appeared to be unstable at the high tem¬ 
peratures and decomposed immediately into unsaturated compounds 
and smaller free radicals or hydrogen atoms. 

CH,CH,CH, CHf=CHi + CH, 

CH,CH*CHs CH,CH-=CH» + H 

The free 7»-propyl and isopropyl radicals have been produced, however, 
by photochemical decomposition of di-n-propyl ketone and diisopropyl 
ketone respectively."* Each was found to have a half-life of about 0.004 
second under the conditions employed. 

Free methyl, and to a certain extent free ethyl, can be obtained con- 
lljeniently by pyrolysis of hydrocarbons and other compounds.*®' ® 

u and Bice, “Aliirfuttio Fl«e Radieaia,’' The Johns Hopkins Press, Bsttimore 

^ Altios, Jolinston, and Bvsring, /. Am. Chem. Sac., S4,36i» (1032); Bios and Harsfaid, 

28411934). 
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When vapors of hexane at 1-3 mm. pressure are passed through a tube 
which is heated at one portion to about 800°, the hydrocarbon disinte¬ 
grates and gives methyl radicals and a smaller proportion of ethyl 
radicals. Free methyl and ethyl radicals have also been prepared by 
interaction of sodium vapor and alkyl iodide in gaseous form at low 
pressures, C 2 H 8 I + Na —> C 2 H 5 + Nal.“ 

The chief reaction of methyl and of ethyl radicals at low pressure and 
room temperature in the absence of other reagents is recombination on 
the walls to pve ethane and n-butane respectively; at hi^er temperar 
tures the ethyl radical also disproportionates to give ethylene and ethane. 
Both methyl and ethyl readily abstract a hydrogen atom from saturated 
molecules to give methane and ethane respectively. 

CHs + CHs GHjCHs 

CHs + RH -> CH 4 + R 
2CHjCHi CHjCHsCHjCH, 

2CH»CHj CH2 ==CHj + CH,CH, 

The alkyl radicals combine with iodine to form alkyl iodides and react 
with a number of other elements, usually in the form of mirrors, to form 
alkyl derivatives. Thus, by combination with free methyl radicals zinc 
is converted to dimethylzinc (CH 3 ) 2 Zn, antimony to trimethylstibine 
(CH 3 ) 3 Sb and tetramethyldistibyl (CH 3 ) 2 SbSb(CH 3 ) 2 , arsenic to tri- 
methylarsine (CHslaAs and dicacodyl (CH 3 ) 2 AsAs(CH 3 ) 2 , mercury to 
dimethylmercury (CH 3 ) 2 Hg, and bismuth to the trimethyl derivative. 

Free Aiyl Radicals. Evidence has been obtained of the transitory 
existence of the free phenyl radical in the gaseous state and in solution. 
It appears to be formed in the reaction between sodium vapor and bro- 
mobenzene at high temperature and at low pressure ® and in the thermal 
decomposition of tetraphenyllead; in these reactions the chief reaction 
of the phenyl radical is dimerization to biphenyl. 

Hey and Waters ** have summarized the reactions of the phenyl radi¬ 
cal in solution. According to them the short-lived phenyl radical shows 
no tendency to dimerize to biphenyl in solution. Instead it reacts with 
practically any molecule with which it comes in contact. It abstracts a 
hydrogen atom from a non-aromatic solvent to form benzene and takes 
up a chlorine atom from a non-aromatic halide to give chlorobenzene. 

" Hortd and PolaSyi, 2. phytik. Chem., Bit, 97 (1930); Haitet, Maer, acd Pcdsoyi, 
ibid., Bl*. 189 (1932); Wieland, “Die Hydrs«ne,” Eake, Stuttcart (1913). pp. 187. 188. 

•* Horn and Polanyi, Z. physik. Chem., B8#, 151 (1934 ); ASen and Kown, JVonn. 
/‘oradav- See., Z4. 463 (1938). 

** Hey and Waters, Chem. Rev., tl, 169 (1937). 



616 


ORGANIC CHEMISTRY 


With neutral aromatic liquids it reacts to give o- and p-derivatives of 
biphenyl; the phenyl group enters ortho and para to the substituent even 
when the substituent is the nitro group. 

Other Simple Free Radicals. Nef * sought to prove that certain 
elnsaRs of Organic compounds such as the isonitriles contain bivalent car¬ 
bon and that numerous tsrpes of reactions take place through the inter¬ 
mediate formation of substituted methylene radicals, as for example 
CHaCH. His attempts to prepare the free methylene radical CHa were 
unsuccessful; reactions designed to give this radical yielded ethylene in¬ 
stead. Now, it appears that the methylene radical is capable of exist¬ 
ence. It is formed along with nitrogen by pyrolysis of diazomethane 
(350-600“), CH 2 N 2 —> CH 2 + N 2 . The methylene radical removes 
mirrors of tellurium, antimony, and arsenic, but unlike the alkyl radicals 
it does not combine with zinc or lcad.“ 

The CN radical is formed by interaction of sodium and BrCN and 
other cyanogen halides in a highly diluted gas reaction and by thermal 
dissociation of cyanogen NC—CN at 1200°.** Spectroscopic evidence 
has been obtained of the existence of OH, NH, CH, CS, and similar radi¬ 
cals as well as charged radicals of the type CH'^ and CH 2 ''’. These radi¬ 
cals have been observed in thermal decompositions or in the electric 
discharge in gases but they have lives so short that a study of their 
chemical properties is exceedingly difficult or impossible.*' 


OTHER TYPES OF FREE RADICALS 

Diai 3 dAml&o Radicals. The tetraarylhydrazines were discovered by 
Wieland ** in 1911. They are obtained as colorless solids by careful oxi¬ 
dation of diarylamines; thus, diphenylamine gives tetraphenylhydrazine 
when oxidized by potassium permanganate in cold acetone solution. 


C*Hk 

2 >N—H 

CtS./ 


(O) 

KMn 04 


^ 2 


C,H«v 

>N 

CJl/ 



The intermediate diphenylamino radicals associate practically com¬ 
pletely in solutirm at room temperature. Wh«i, however, a colorless 
solution of tetrapfaenylhydraane in toluene is heated above 70° the 
greenish brown color of the diphenylamino radicals appeara; when the 

“Rice and Qlaaebrook, J. Am. Chem. Soft. B6. 4329 (1933); «6, 2381 (1934). 

•• Kiajjaitowgky »nd OeraUnowiti, /. Chem. Phjfe., 1, 432 (1933). 

“Free Radicals," Trmie. Fantdety Bee., 90,1-248 (1934), a r^orl on o tqnnpoaiunt on 

^ Widand, “Die Hydrssine," Ekdw, Stuttgart (1913); 99141404 ud Laofaer, Ann., 
(toll) ; Widand, B*r., 49 , 1079 (1919). 
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soIutioQ is cooled the color disappears. In general, groups such as NOa 
and CuHs on the benzene nuclei tend to depress dissodation of the 
tetraarylhydrazines, and groups such as CH3, OCH3, and (CH8)2N in¬ 
crease dissociation. Only one compound dissociated sufficiently to allow 
measurements to be made. Tetrar(p-dimethyIaminophenyl)-hydrazine 
was found to be dissociated to the extent of 10 per cent in a dilute benzene 
solution and 20 per cent in a dilute nitrobenzene solution. 

Unlike triarylmethyls, the diarylamiuo radicals do not react with 
oxygen or with iodine. The reaction most frequently employed for char¬ 
acterizing these radicals is the absorption of nitric oxide. If nitric oxide 
is passed into a solution of tetraphenylhydrazine at 90°, a quantitative 
yield of N-nitrosodiphenylamine is obtained. 

(C6H5)3N + no (C 8 Hs) 2N—NO 

From a study of the kinetics of the nitric oxide reaction it was found 
that the half-life of tetraphenylhydrazine is about 3 minutes at 100° and 
the energy of activation for the dissociation process is about 30 kcal.** 
The free diarylamino radicals combine with triphenylmethyl to form 
compounds of the type R2N—C(C6Hs)3 and with sodium to give the 
sodium derivative of the diarylamine, R2N—Na. Solutions of the tetra¬ 
arylhydrazines are unstable, for the diarylamino radicals readily imdergo 
disproportionation; thus, diphenylamino radicals give diphenylamine 
and N,N'-diphenyldihydrophenazine. 

Triarylhydrazyls. By dehydrogenation of triarylhydrazines, 
RaNNHR, by mild oxidizing agents as lead peroxide, Goldschmidt” 
obtained a class of compounds known as hexaaryltetrazanes. The tri- 
arylhydrazyl radicals are formed as intermediates, and these associate to 
the hexaaiyltetrazane. 

(CeHOsN^ ,Qi (C«H6)2N\ (C*H2)2N\ xNfCeH*)! 

2 >NH 2 >N >N—N< 

CsH/ C,H*/ N^eHs 

Tripbenyliiydrasyl HezaphenyltetrftBibu^ 

The compounds are extremely unstable, spontaneous decomposition 
occurring even at low temperatures (—80°). Like tile diarylamino radi¬ 
cals, the triarylhydrazyls combine with nitric oxide and with triphenyl¬ 
methyl. Measurements of the paramagnetism of a,«-diphenyl-;J-2,4,6- 
trinitrophenylhydrazyl indicate that this radical does not associate to 
the tetrazane even in the solid state.' 

Much more stable radicals of this type are obtained by introducing 
an acyl group in place of one aryl group; the radicals diarylacetylhy- 

** and Wi«dogle, J. Am, Chm, Soc., tt, 11S3 (IMO). 

*0 Goldschaiidt. Ber., 6S, U (1020); Goldschmidt and Bsdw, Anw.^ «», 137 (1930). 
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dra*yl, R2NNCOCH3, and diarylbenzoylhydrasyl, RaNNCOCeHs, are 
examples of this type of radical. The radical a,of-^-p-anisyl-/ 3 -benffl)yl- 
hydraayl (p-CH30C«H4)2 N—NCOCbHj does not associate in acetone 
even at — 50 °. In contrast to the rapid dissociation of hexaarylethanes, 
the dissociation of the substituted tetrazanes is exceedingly slow. 

Diaiylnitrogen Oxides. Oxidation of N-diphenylhydroxylamine in 
ether solution at 0° by silver oxide yields diphenylnitrogen oxide, which 
can be isolated in the form of dark red crystals.*^ 

2(CJI»)»N—OH + AgiO -» 2 (C»Hs)i!NO + H»0 + 2Ag 

The free radical nature of the diarylnitrogen oxides has been confirmed by 
paramagnetic susceptibility measurements. Of the following three elec¬ 
tronic structures which may be written for these free radicals, Pauling “ 
prefers the structure containing the three-electron bond but considers it 
probable that there is some resonance involving the other structures. 

R,N—6: RjN—O: RjN—O: 

• • *♦ •• 

In general, the diarylnitrogen oxides are unstable compounds which 
decompose in a few hours. Introduction of nitro groups into the benzene 
nucM stabilizes the molecule to such an extent that the free radical can 
be kept unchanged for several months. The diarylnitrogen oxides com¬ 
bine readily with nitric oxide and other odd molecules. The primary 
product of the reaction between diphenylnitrogen oxide and nitric oxide 
appears to be the N-nitroso derivative (C6H6)2NO(NO) which then 
undergoes rearrangement to the more stable molecule, phenyl-p-nitro- 
phenylamine. Triphenylmethyl instantly decolorizes a red solution 
of diphenylnitrogen oxide; here, too, the primary addition product 
(CaH6)2N'—0—C(CeH6)3 undergoes further reaction to products which 
are unknown. With hydrogen iodide, iodine is liberated as the oxide is 
reduced to the dimylamine. 

Aroxy Radicals. By mild oxidation of certain phenols there are pro¬ 
duced diarylperoxides R—O—O—R, which are capable of dissociating 
into aroxy radicals R—O." The most stable products are obtained from 
9 -methoxy-, 9 -etIioxy-, and 9 -chloro-lO-phenanthrol. Thus oxidation of 
9 -methoxy-lO-phenanthrol in ether solution by lead peroxide gives the 
9 -methoxy-lO-phenanthroxy radical which associates reversibly to bis( 9 - 
methoxy-10-pbenanthryl)-peroxide. 

•^Widand and Offeubadwr, Bar., 47. 31X3 UOU); Wiela&d and Rotii, Ber., t», 210 
; Wieland and K9^, B«r., H, 1798 (1^); Camfai, Chua. Mm. Hal.. SS, 570 (1933). 

^pamratwer and oo-i»wkM», 47, 1472, 2867 (1814); M, 1416 (1919); CMd- 
Schmidt, Bar.. W, 3197 (1932). 
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The peroxide is colorless, but the free radicals are greenish yellow in solu¬ 
tion. This particular radical is formed to the extent of 37 per cent in a 
dilute solution and the corresponding 9 -ethoxy-lO-phenanthroxy radical 
62 per cent imder the same conditions. 

Like the tetraaryldibenzoyltetrazanes the diarylperoxides dissociate 
very slowly into the aroxy radicals and equilibrium is reached only after 
several hours. As a result the concentration of aroxy radicals in the 
equilibrium mixture can be determined by titration with hydrazobenxene 
solution, which reacts with the radical only. 

2R—O + C.HiNHNHCjHs 2ROH + CtH6N=NC(>Hs 

The aroxy radicals are not readily affected by atmospheric oxygen, 
and they do not react with iodine or with nitric oxide. They combine 
with triphenylmethyl to give the triphenylmethyl ether of the phenol 
R— 0 —CCCeHsls and with potassium to form the salt ROK, and are 
reduced to the phenol by zinc and acetic acid, by hydrogen iodide, and 
by phenylhydrazine. 

Aiylthiyl Radicals. Analogous to the diarylperoxides are the diaiyl- 
disulfides RS—SR, which appear to dissociate into the free arylthiyl 
radicals RS.” Diphenyldisulfide, which is a colorless solid, gives a yellow 

CsHsS—SCsHs 2C«HjS 

solution whose color deepens when the temperature is raised. Under 
mild conditions the phenylthiyl radical CeHgS reacts with triphenyl¬ 
methyl, with metallic sodium, and with metallic silver and forms 
CaKsSCCCsHsls, CeHsSNa, and CeHsSAg respectively. 

Semiquinone Radicals. Michaelis and his collaborators •* have stud¬ 
ied an interesting class of free radicals known as semiquinones. These 
radicals correspond to the intermediate stage between two members of a 
system capable of being converted readily into each other by a bivalent 
oxidation or reduction (involving the removal or addition of two.electrons 
respectively). For example, deeply colored semiquinone radicals are 

*• Sohenbergi Trant. Faraday Soa., 80, 17 (1934). 

** MichaaUa, Chem, Res., 1C, 243 (1033); Michaelis ol., J. Am. (Stem. Soc., 80, 202, 
214, 1007,1078 (1038). 
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formed as intermediates in the reduction of suitable quinones to hydrO" 
quinones and in the oxidation of aromatic dia mi nes to the diimines. 
In these systems an equilibrium is established between two moles of the 
free radical (R) and its disproportionation products, oxidized form (A) 
and reduced form (B), 2R A + B. The existence of the semiquinone 
radicals has been established by potentiometric methods, by magneto¬ 
metric measurements, and by colorimetric means. 

A typical example of semiquinone formation is the production of a 
so-called Wurster dye by oxidation of p-phenylenediamine (or the 
N-aUcyl derivative of the diamine) in acid solution. In neutral solution 
the three components of the system may be represented as follows: 


:NHj :NHs :NH 



BRA 


In neutral solution it is not possible to detect the intermediate radical 
(R), but in moderately acid solution a stable form (R') is formed by 
addition of a proton. As a result of the increased possibilities for reso¬ 
nance involving such forms as R'a, R'b, R'c, R'd, and the like, the radical 
becomes stabilized. Indeed, the free radicals of this type with the 
amino groups completely methylated are even more stable than the 
corresponding diimines. 



K'* R'b R'o R'd 


Similatly constructed semiquinone radicals are formed by reduction of 
phenSiZin^, Savin dyestuffs (including vitamin Bj), indophencds, indib* 
mines, and thiszines. 


liUU !.,«• 


Staii^ semiqiunones are obtained from suitable quinones ai 
diketqa^ when the reduction is carried out in aOcaUne solution. Reso- 
nan# equivalent stitmtures i» poa&hU in ankin, but this 



FREE RADICALS 


621 


oxygen atoms, which occurs in acid or neutral solutions. Semiquinone 
radicals have been obtained in alkaline solution from duroquinone, 
3-phenanthrenequinonesulfonic acid, and benzil. In the following for¬ 
mulas only one of the forms contributing to the resultant resonance 
state is shown. 



The last-mentioned semiquinone radical gives rise to the purple color 
which is observed when sodium hydroxide is added to an alcohoUc solu¬ 
tion of benzil CeHsCOCOCeHs and benzoin C 6 H 5 COCH(OH)C 6 H 6 . 
The purple radical is also produced as an intermediate during the oxida¬ 
tion of benzoin in alkaline solution. In the dilute solutions in which 
these radicals are studied the free radical has little tendency to dimerize. 

Examples of neutral semiquinone radicals are the hydroxyanthronyls 
(XXXI), which are formed by addition of a single atom of hydrogen to 
a molecule of the quinone, and the arylpyrrolinoanthroxy radicals 
(XXXII) of Scholl,’*’ to which the following structures have been as¬ 
signed: 


0 0 



XXXI xxxn 


APPUCATION OF THE CONCEPT OF FREE RADICALS 

In 1858 Kekul^ expressed his views on the manner in which reac¬ 
tions take place. He objected to the customaiy method of formulating 
reactions involving double decompositions as aa' + bb' —> ab -b alb' 
because the formulation gave no indication of what went on during the 
reaction and was likely to lead to the erroneous conclusion that radicals 
exist in the free state during the exchange. According to him the 

MSdioU, Ber., M, 2376 (1921); SchoU, Dehnert, and Swap, B«-., SI, 1683 (1983} t 
SeSofi wad Ber., M, 1878 (l»8l)< 

•• SekuU, Ann., 106,120 (1868). 
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aboiplesi expresdion of the reaction involved the formation of an inte^ 
mediate addition complex, and he wrote the reaction in the following 
manner: 

alb , ab ab 

a'lb' aT)' a'b' 

It is true that in certain reactions intermediate addition complexes 
are formed. On the other hand, there is abundant evidence that many 
reactions proceed through the intermediate formation of fragments, 
either ions or free radicals. The ionic mechanism has been particularly 
successful in interpreting reactions which proceed most readily in 
aqueous solution or in an ionizing solvent and reactions which are pro¬ 
moted by a polar environment, and those, such as hydrolysis, which are 
catalyzed by ions. Free radicals play an important role in many photo¬ 
chemical and thermal decompositions, and in reactions which occur in 
liquids of low dielectric constant and in gases. 

The literature abounds in discussions of reactions in which the inter¬ 
mediate formation of free radicals is postulated. Often no definite proof 
could be obtained that the radicals were actually formed, but the 
results were most readily explained on the basis of radicals. This is 
especially true of reactions carried on in the liquid phase or in solution. 
In the gas reactions the short-lived radicals such as methyl, ethyl, and 
phenyl can often be detected by the Paneth effect on mirrors, and their 
formation can be deduced from the isolation of the dimers formed by 
association of the free radicals. In solution these extremely reactive 
radicals have little chance to dimerize, for they attack practically any 
molecule with which they collide. As a result, products are encountered 
which result from the action of the radicals on the solvent. Stable radir 
cals such as the triaiylmethyls can usually be detected without difiBdulty. 
In the discussion which follows, examples of reactions have been chosen 
in which more or less defimte proof has been obtained that free radicals 
are involved. 

Wurtz-Fittig and Allied Reactions. Hexaarylethanes and other com¬ 
pounds capable of ^Sbsociating into free radicals are generally obtained 
through association df free radicals initially formed in the reaction. By 
analogy with the formation of hexaarylethanes one can reasonably 
assume that the formation oi s^.-tetrapbenylethane from diphenyl* 
biKUnomethane and a metal proceeds throu|^ the intermediate formation 
fpiitd association of diphenylmetlqri rathcals. Support for this view was 
^yidned When the reaction was carried out in the presence of taiphenyl* 
S^lhjV’ If equivalent amounts of kiphenylmethyl and diphenylbro- 
in benzene are sludEen with mercury, the primai^ product 
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(90 per cent) is pentaphenylethane and the reaction may be formulated 
as follows: 

(CjH,)*CHBr + Hg -» (CgHshCH + HgBr 
(CeH6)sCH + (C«H»)aC -> (C,Hs)*CHC(C6H,), 

The diphenylmethyl radicals are “captured” by the triphenylmethyl 
radicals as soon as they are formed and do not associate to the tetra- 
phenylethane. 

In a similar manner, the diarylmethyl radicals formed by interaction 
of the halide and a metal have been found to react with oxygen more 
rapidly than association takes place. When diphenylchloromethane 
reacts with silver a quantitative yield of sym.-tetraphenylethane is ob¬ 
tained, but when the reaction is carried out in the presence of oxygen 
only a few per cent of sj/m.-tetraphenylethane are produced; the chief 
products are benzophenone, benzohydrol, and diphenylmethyl ether, 
formed by oxidation of the intermediate diphenylmethyl radicals. Simi¬ 
lar results have been obtained with a number of diarylmethylchlorides.” 

There has been a great deal of discussion whether free radicals are 
formed as intermediates in the Wurtz-Fittig reaction (p. 539). Without 
doubt, in many reactions organosodium derivatives are formed as inter¬ 
mediates, but this does not exclude the intermediate formation of free 
radicals as well. It will be recalled that the free ethyl radical was 
obtained by interaction of sodium and ethyl iodide in the gas phase. 

A free radical mechanism was proposed to account for the products 
of the reaction between sodium and chlorobenzene, namely, benzene, 
biphenyl, 4-phenylbiphenyl, 2-phenylbiphenyl, 2,2'-diphenyibiphenyl, 
and triphenylene.** The formation of these compounds can be under¬ 
stood if one assumes the intermediate formation of the phenyl radical, 
which can associate, disproportionate to benzene and phenylene radicals 
(which can add phenyl radicals to give the phenylbiphenyls), and react 
with some of the substances present. When the reaction was carried out 
in toluene, biphenyl formation was completely suppressed and a large 
quantity (nearly 50 per cent) of benzene was produced in addition to 4- 
methylbiphenyl and diphenylmethane. These products may result from 
intermediate organosodium compounds or from reactions such as 

C«Hs + C,HsCH, + H 

C«H» -t- H CsHe 

C,H» -f CeHe -f C.HjCH, 

C,H,CH, -f- C,H. -> C,H«CH,C,Hs 

^ Wilis «nd Mulder, Bee. tra». eMm., S7, 138S (1938); Nauta and Mulder, {bid., Sg 
1002 (1930). 

w ’ pL^hma.nn aad dftrkd, J» Am. Chem, Soc.^ 49, 2089 (1927)« 
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Qrjpuu:d Reactkm (p. 495). It has been definitely proved that the 
preparation of the Grignard reagent triphenyhnethyhnagnesium bromide 
proceeds through the intermediate formation of the free radical triphenyl- 
methyl.'* 

2(C,H8),CBr + Mg -> 2(C,H4),C + MgBr, 

2(C6Hi)(C + Mg + MgBrj —» 2(C8H5)jCMgBr 

When one-half of the total amount of magnesium has reacted, the solu¬ 
tion contains triphenylmethyl (and hexaphenylethane) but no Grignard 
reagent. Similarly, triphenylmethyl is an intermediate in the prepara¬ 
tion of triphenylmethylsodium from triphenylchloromethane and so¬ 
dium. As soon as all the chloride has reacted, the yellow solution con¬ 
taining triphenylmethyl rapidly becomes intensely red as triphenyl¬ 
methylsodium is formed."* It has been suggested that other Grignard 
reagents are formed through a free-radical mechanism. 

Further evidence of the formation of free radicals as intermediates 
has been obtained from a study of the reactions of Grignard reagents. 
Triphenylmethylmagnesium bromide reacts with benzophenone to form 
the two radicals triphenylmethyl and bromomagnesium-benzophenone- 
ketyl; the two radicals then associate to the corresponding symmetrical 
compounds. 

(C,Hs),CMgBr + {CtHihCO (C.HjIjC + (C,H6),C—OMgBr 

Ti Tl 

(C«H*)*C (C,H6)*C—OMgBr 

I I 

(C,Hs)*C (CeHs),C—OMgBr 

Tliis type of reaction is not uncommon. The chief products of the 
reaction between benzylmagnesium chloride and methyl iodide are bi¬ 
benzyl and ethane. The reaction between benzophenone and n-propyl- 
magnesium bromide (and other Grignard reagents) (p. 646) which gives 
benzohydrol as the prindpal product in addition to propylene has been 
explained on the bMW of radicals."’^ 

R»CO + CH,CH,C%MgBr -♦ RjCOMgBr + CHaCHjCH* -♦ 

RjCHOMgBr -|- CH,CH-=CH» 

It is difficult to account for the formation of ethane and ethylene in 
addition to 7i-butane in the reaction between ethylmagnesium bromide 
and ethyl bromide unless free ethyl radicals are assumed to be produced 

**Gombent and Baobmano, ibid^ M, 2466 (1980). 
and Ochs, So-., 49. 609 (1916). 

W Bnek* and Powers, J. Afn, Chtm. il, 3378 (1929). 
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as mtermediateB. Then the process becomes clear, for the ethyl radicals 
may disproportionate as well as associate. 

Photochemical Reactions. Dissociation of triaiylmethyl bromides 
into the triarylmethyl radicals takes place when their solutions are 
irradiated or subjected to the action of cathode rays. If a solution of 
triphenylbromomethane in benzene is exposed to sunlight or light in the 
near ultra-violet region, a deep yellow color develops. In contact with 
air or oxygen the irradiated solution deposits crystals of triphenylmethyl- 
peroxide."^ 

A considerable number of simple free radicals have been observed in 
the photolysis of organic compounds. Not only free alkyl and acyl radi¬ 
cals but also radicals of the type OH, O2H, CCI3, COCl, CH, NH, NH2, 
and many others are now used freely to explain the results of photochemi¬ 
cal reactions. The results obtained by irradiation of alkyl iodides in the 
presence of oxygen, which leads to the formation of alcohols and alde¬ 
hydes, have been explained on the basis of an initial dissociation of the 
alkyl iodide into the alkyl radical and atomic iodine.*®* 

CHal CH, + I 

CH, + O2 -> CHjO + OH 

CHal + OH -> CHaOH + I 


The photochemical decomposition of aldehydes and ketones has re¬ 
ceived considerable attention. The production of free methyl and ethyl 
radicals appears to be achieved by irradiation of ketones by light of cer¬ 
tain wave length (2900 A) . Methyl ethyl ketone decomposes into methyl 
and propionyl radicals and the latter then break down into ethyl radicals 
and carbon monoxide.*®* 


CH,. 

^0 — 
ch,ch/ 


CH, + CH,CH,C0 CH, + CH,CH, + CO 


The free alkyl radicals then combine to form ethane, propane, and n- 
butane. In a similar manner, photochemical decomposition of acetone 
at room temperature yields the free methyl and acetyl radicals which can 
associate to form ethane and diacetyl. Above 60° no diacetyl is formed 
because of the decomposition of the acetyl radical to methyl and carbon 
monoxide.*"* The acetyl radical has a life even shorter than that of the 
alkyl radicals. 

Rallord and Anderson, Proc. ffaS. Acad. Sd. U. S., 19, 7S9 (1933). 

Bates and Spenoe, J. Aw. Cham. See., M, 1689 (1931) 

Norrish, Ref. 87, p. 107. 

Gluebrook and Pearson, J. Chem. Soc., 667 (1937). 
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Qq ecxposure to li^t, di-n-propjd ketone yields free n-propyl radicals. 
Diimpropyl ketone gives isopropyl radicals initially, but these subse- 
quraitly isomerize to 9i-propyl radicals, for the product of the reaction 
between the radicals and mercury was di-n»propylmercury.*“ Photolysis 
of acetaldehyde gives the methyl radical and the unstable CHO radical 
as primary products, which then undergo further reaction (see thermal 
decomposition), and irradiation of ketene CH 2 =CO yields the methylene 
radical and carbon monoxide. 

The photochemical production of phosgene from carbon monoxide 
and chlorine takes place through the following steps involving a chain 
reaction carried on by chlorine atoms and the COCl radical: CI 2 —> 2C1; 
a + CO -♦ COCl; COCl + CI 2 COCI 2 + Cl."" Kharasch and 
Brown ™ have found that irradiation of a mixture of oxalyl chloride, or 
phosgene, and cyclohexane gives a good yield of cyclohexanecarboxylic 
acid chloride. They believe that the COCl radical, formed by photolysis 
of the acid chlorides, is probably an important intermediate in the reac¬ 
tion. Similarly, the photochemical sulfonation of aliphatic acids and 
saturated hydrocarbons with sulfuryl chloride has been explained by a 
free-radical mechanism."" In the latter reaction the following formula¬ 
tion has been suggested: SO 2 CI 2 —» SO 2 + CI 2 ; CI 2 ^ 2C1; Cl -f 
RH R -I- HCl; R + SO 2 -> RSO 2 ; RSO 2 + CI 2 RSO 2 CI + Cl. 

Thermal Decompositions. It has been shown that many types of 
aliphatic compounds, hydrocarbons, ethers, aldehydes, and ketones, 
when heated in the range 700-1100® C., decompose into free radicals 
which can be detected by the Paneth effect on mirrors.® In the pyrolysis 
of hydrocarbons Rice has been able to predict semi-quantitatively the 
products of such decompositions on the basis of free-radical formation. 
In these reactions, chain reactions are initiated by the alkyl radicals 
initially produced. Thermal decomposition of ethane has been formu¬ 
lated in the following manner: 

CH,CH, -♦ 2CH, 

<3^, + CHiCH, CH 4 + CH,CH* 

CHjCH, — CHp=CH, + H 

CH,CH, -f H H, -h CHKJHt — H, + CH,-=CHi + H 

><>* Q]^ 2 ebrook and Pearson, Md., 1777 (1936). But see also Kharasch, Kane, and 
Brown, /. Am. Chem. Soe., t9, 526 (1941). 

Bodenatem, Z. phytik. CImm., ISO, 423 (1927); Bodroatein and Onoda, »Wd., Ul, 

' TMtJQiailuich and Brown, J. Am. Chtm, Soe., Ot, 454 (1940). 

. Kl KbaeOeoh and Read, <bid., U, 8089 (1839); Kharasch and Brown, sMd., M, 925 
t lOuMraseh, C!hao, and Brown, Wd., 01, 2993 (1940). 
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The chain is terminated by collision of the ethyl groups with hydrogen 
atoms; the length of the chain is about 100 cycles. 

Thermal decomposition of acetaldehyde gives methane, carbon mon¬ 
oxide, and small amounts of hydrogen. The reaction appears to 
place through a chain reaction initiated by free radicals, and the follow¬ 
ing mechanism is one that has been proposed; CH3CHO —> CHs + CO 
-I- H; H -f- CH3CHO -* H2 + CH3CO (->■ CHg -f- CO); CH3 + 
CHsCHO —> CH4 -f- CO -f- CH3. Decomposition of the acetaldehyde 
can be carried out at a temperature at which the pure aldehyde is inert 
by addition of some azomethane, CH 3 N=NCH 3 . The azomethane on 
pyrolysis yields free methyl radicals which initiate the chain reaction 
involved in the decomp)osition of the aldehyde.”^ This same technique 
has been applied to the photochemical decomposition of acetaldehyde ^ 
at room temperature and to the thermal decomposition of hydrocarbons. 

Triarylmethyl radicals are produced not only by thermal dissociation 
of hexaarylethanes but also by thermolysis of a number of other types of 
compounds. Azotriphenylmethane, (C 6 H 5 ) 3 CN=NC(C 6 H 6 ) 3 , decom¬ 
poses into triphenylmethyl and nitrogen even at 0°, and ditriphenyl- 
methyldisulfide (CaH 8 ) 3 CS—SC(C 8 H 6)3 and certain other sulfur com¬ 
pounds yield triphenylmethyl on decomposition. The thermal decom¬ 
position of benzeneazotriphenylmethane, (C 6 H 5 ) 3 CN=NC 6 H 5 , has been 
the subject of considerable investigation. Gomberg* found that very 
little tetraphenylmethane is produced on decomposition of the com¬ 
pound. From the results of the investigations of Wieland and his 
collaborators it is reasonable to assume that the primary reaction is 
decomposition into triphenylmethyl, nitrogen, and phenyl, (C6H6)8CN 
=NCaHa —> (C 6 H 8 ) 3 C -f N 3 -f CeHg. There is no difficulty in detect¬ 
ing the triphenylmethyl radicals, but the short-lived phenyl radicals are 
more elusive. The phenyl radical does not dimerize to form biphenyl 
but reacts rapidly with the solvent employed. Thus, it abstracts a 
hydrogen atom from hydrocarbons like hexane to form benzene; it 
removes a chlorine atom from carbon tetrachloride to form chloroben¬ 
zene; it reacts with benzene to give biphenyl, with toluene to form 
2- and 4 -methylbiphenyl, and with chlorobenzene to ^ve 4-chlorobi- 
phenyl.“* Sitnilar products have been obtained in other reactions in 
which free phenyl radicals appear to be formed. 

Oxidation and Redaction Reactions. According to Ziegler^ the 
first step in the reaction between triphenylmethyl and oxygm is the 

Leerniftkor#, ibid-i W, 3499 (1033). 

Allen and Sickman, Und., M, 2031 (1934). 

Blaoet and Taurog, iWd., n, 3024 (1939). 

u' Widand, Ann., Sli, 146 (1934). 

“* Hey, J. Chem. Soe., 1966 (1934). 
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formation of vary reactive radicals of the type K3C— 0 — 0 —. These 
radicals then combine with triphenylmethyl radicals to give the peronde. 
The free peroxide radical also reacts with undissociated hexaphenyl- 
ethane: RaC02 + R 3 CCR 3 — ► RaCOOCRs + R 3 C. The radical liber¬ 
ated in this reaction takes up another molecule of oxygen, and the chain 
is continued. By adding an equivalent amount of pyrogallol, the chain 
reaction is inhibited (by reaction of the R 3 COO radicals with pyrogallol) 
and a mole of oxygen is absorbed for each mole of triphenylmethyl 
radical. 

Triphenylmethyl is found to be a catalyst for the oxidation of a 
munber of compounds in virtue of the formation of the active peroxide 
radicals, which promote chain reactions, often of great length. Thus, 
chains of 55,000 units have been ot^rved in the oxidation of dimethyl- 
benzofulvene in the presence of a small amount of triphenylmethyl. The 
reaction is R 3 C + O 2 —» R 3 CO 2 ; R 3 CO 2 + A — ♦ R 3 C 4- AO 2 ; R 3 C -|- 
O2 —+ R8CO2; etc. The chain is broken when the peroxide radical 
combines with a triphenylmethyl radical to give triphenylmethyl- 
peroxide. 

According to Michaelis,** bivalent oxidations (and reductions) pro¬ 
ceed in steps involving the intermediate formation of free radicals, and he 
has actually demonstrated the existence of the free radicals (semiqui- 
nones) in all the familiar reversible oxidation-reduction systems. If A 
represents the reduced form, R the radical, and B the oxidized form, 
then the reaction proceeds in the steps, A5=iR4-e; Ri=iB4-«. 

The free radical CeHeNH appears to be formed as an intermediate in 
the oxidation of aniline by lead dioxide, for when the reaction is car¬ 
ried out in the presence of triphenylmethyl, N-triphenylmethylaniline 
C(iH6NHC(CeH5)3 is formed.‘“ Although spectroscopic evidence has 
been obtained of the presence of free CH3, CH2, and CH radicals in the 
inner cones of hydrocarbon flames where there is a limited supply of oxy¬ 
gen, it has not yet been decided definitely what part free radicals play in 
combustimi. 

Conant and Bigelow ** have shown that in the reduction of malachite 
green and related compounds by soluble reducing agents free radicals are 
produced initially; these then react further with the reducing agent to 
give the leuco base. In the reduction of aromatic ketones to the hydrols 
by sodium amalgam and alcohol, the first step is the addition of sodium 
to the ketone to pve a ketyl radical; the ketyl radical reacts with the 
aleofaol to give equivalait amounts of hydrol and ketone, and the regen¬ 
erated ketone then goes through a abnilar seriee of changes,^ R3CO -H 

P» and Wurndhoiitt. Ber^ H. S216 (1922). 

it* J. Am, Ckm. 3oc„ U, 770 (1933). 
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Na -*• RaCONa; RaCONa + CaHsOH RaCOH + CaHgONa; 
2RaCOH RaCHOH + RaCO. 

Other Reactions. Hey and Waters believe that free phenyl radi¬ 
cals are responsible for the products obtained in the Gomberg-Bachmann 
reaction.*'^ In this reaction biaryls are formed by addition of alkali to a 
mixture of a diazonium salt and an aromatic hydrocarbon or derivative, 
CflHaNaCl -|- CaHa + NaOH CaHsCeHs + Nz + NaCl + H 2 O. A 
highly reactive diazo hydroxide (or anhydride) formed by the action of 
the alkali on the diazonium salt is extracted by the aromatic liquid, and 
the reaction takes place in the organic solution. The phenyl radical ini¬ 
tially produced reacts with benzene to form biphenyl and with some of 
the biphenyl to give 4-phenylbiphenyl; it reacts with toluene to give 2- 
and 4-metbylbiphcnyl, and with bromobenzene to give 2- and 4-bromo- 
biphenyl.“® Nitrobenzene and cyanobenzene are attacked in the para 
position to give 4-nitrobiphenyI and 4-cyanobiphenyl respectively, con¬ 
trary to the usual meta substitution of these compounds which takes 
place in ionic reactions. It appears that the abnormal substitution with 
these compounds serves as a test for the formation of phenyl radicals. 
Similar results have been obtained in the reaction between nitrosoacyl- 
arylamines and aromatic liquids.^* 

A free radical mechanism has been proposed to accoimt for the abnor¬ 
mal addition of HBr to unsaturated compounds in the presence of perox¬ 
ides or oxygen. 

alk6B6 

HBr + 0* (or peroxide)- )• HO 2 + Br 

R—CH=CH 2 + Br-^ R—CH—CH*Br 

.. R— CH—CHjBr + HBr - > R— CHj—CHzBr + Br 

The addition of halogens to double and triple bonds in the presence of 
light may involve the intermediate formation of free radicals. Thus, 
the photochemical addition of bromine to acetylene involves the follow¬ 
ing chain reaction: Brj —* 2Br; HC=CH -f- Br y HC=CHBrj HC 
=CHBr + Brz —♦ BrCH==CHBr + Br, and the addition of chlorine to 
cia and trans dichloroethylene follows a similar course.*®^ Transitory free 
radicals with free bonds on the terminal atoms have been postulated 
in polymerization processes.**® 

Oomberg and Bachmann, Hrid., 46, 2339 (1924). 

Gomberg and Pernert, ibid., 48, 1372 (1926). 

“’Grieve and Hey, J. Chem. Soc., 1797 (1934). 

1“ Khaiasch, Engelmaim, and Mayo, J. Org. Chem., t, 288 (1937); Mayo and Walling, 
Chem. Bet., W, 351 (1940). 

Ml Mailer and Schumaeher, Z. phueii. Chem., BS9, 362 (1938). 

M> Cbalmera, J. Am. Chem. Boc., 06,912 (1934); Staudinger and LautennohlSger, Ann., 
488, 1 (1931). 
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Haber and WiUst&tter ™ see the work of free radicals in the Cannia- 
Karo reaction and in many reduction (p. 643) and dehydrogent^tion reac¬ 
tions. A chain reaction is induced by a free radical which is formed 
initially from the substrate by removal of a hydrogen atom. In the 
Cannizzaro reaction it is assumed that the CeHsCO radical is produced 
through reaction of a molecule of benzaldehyde with the ion of a heavy 
metal present in minute amounts. The radical then initiates the fol¬ 
lowing series of reactions; 

C.H»CO + C»HsCHO + H,0 C,H»CO,H + C«H»CHOH 
C«H»CHOH -f CJIsCHO C,H»CH,OH -|- C,H»CO 


There is a close parallelism between the addition reactions of the 
double bond in unsaturated compounds and those of the triply linked 
carbon atom in free radicals, and a number of investigators have been 
forced to the conclusion that the double linkage may open to a slight 
extent to a single bond with the formation of a biradical. Enzymes, ac¬ 
cording to Freundlich, may perhaps be free radicals which are stabilized 
because they are adsorbed at a suitable interface, and the functioif of 
certain enzymes in reactions Ls to produce a free radical from the sub¬ 
strate by removing a hydrogen atom. It has been suggested that the 
formation, addition, disproportionation, and pol 3 merization of free 
radicals may play an important role in the process of biological synthesis 
and degradation of living cells, under the influence of mild reagents and 
low temperatures. 
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mTRODUCnON 

The ability to undergo addition reactions is the organic chemist’s 
primary criterion of unsaturation, and the three distinct typos of organic 
compounds which meet this requirement constitute the great bulk of 
organic chemisty. In substances of the first type, unsaturation is 
associated with a strained ring structure (p. 100) and addition reactions 
result in ring opening. Cyclopropane and ethylene oxide are examples. 
In substances of the second type, unsaturation is confined to a single 
atom, and addition reactions result in an increase in valence of that atom. 
Triphenylmethyl and trimethylamine are examples. In substances of 
the third type unsaturation is shared by two adjacent atoms. Ethylene 
and acetone are examples. This last type of unsaturated compound is 
by far the most common of the three, and it is the only type which will 
be dealt with in this chapter. 

The ax unsaturated groups will be considered: C==C, C=0, C^C, 
C==N, C^N, andN02.* Frequently organic compounds contain 
more than one of these six unsaturated groups and in such cases the 
groups present may be alike or different. When more than one unsatu¬ 
rated group is present in a molecule the organic chenaist distinguishes 
between three possibilities: twinned double bonds or systems, such as 
C=C=C, where two unsaturations are shared by the same atom; 
conjugated multiple linkages or systems, such as C=C—0=0, 
where alternate single and multiple linkages are present; and separated 
multiple linkages or systems, such as C=C—(CH 2 )„ —C=C, where 
one or more saturated atoms separate the multiple linkages. Not all 
these possibilities can or need be considered in this chapter. The dis¬ 
cussion will be confined to systems containing but one unsaturated 
group or one unsaturated group and an aromatic ring system, to twinned 
double bonds, and to conjugated S 3 ^tems. 

Although unsaturation means primarily the ability to imdergo 
addition reactions, there is also associated with it the activating effect 
which unsaturated groups exert on nearby atoms. Victor Meyer as 
early as 1872 oj^e|Ted the surprising reactivity of the a-hsrdrogen atoms 
in the nitropa^l^^and later began a systematic search for other such 
activating or f^^pittive” groups.* Later Henrich showed that all such 
activating grotij^ were unsaturated.* The activating effects of unsatu- 

* The nittoao (N*=0) and aio (N*=N) group* an not conMdered in this chapter. 
They ere diseusied in Sidgwick. "The Organic camnistry Nitrogen,” new edition 
revieed by Taylor and Baker, Clarendcm Frees, Oxford (1937), Chapter VII and pp. 
^t@l-4S7. The unsaturation pregent in nitrones, asoery compounds, si^ amine oxides is 
an artide by Smith, C*em. Sn., U, 198 (1988). 

, m>d Stabsr, Ber., •, 399 (ISW). 

•Jaimidi, Bern tt, 968 (1899). 
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rated groups play a role in chemical reactivity exceeded in importance 
only by the addition reactions of these unsaturated groups. As the 
chemical behavior of the various unsaturated groups is described, the 
ways in which and the extent to which they activate adjacent atoms 
vrill be indicated. 

Unsaturation of the typte which is being discussed is almost univer¬ 
sally represented at present by the double or triple bond with the 
understanding that each individual linkage represents a pair of shared 
electrons. This was not always the case. The ethylenic double bond, 
for example, was originally represented by a single linkage between two 
carbon atoms each of which possessed one free valence. It was soon 
recognized, however, that these free valences always occurred in pairs 
shared by two adjacent atoms and that addition reactions always 
saturated both free valences. From this point it was but a short step 
to represent the two free valences as combining with each other to 
form a second linkage between the two atoms involved. It was carefully 
stated that the double bond did not imply tvrice the strength of the 
single bond; rather, it implied reactivity by addition. It is important 
to realize that the current method of representing imsaturation by 
double or triple bonds reveals nothing about the rates at which addition 
reactions take place, nothing about the mode of addition where more 
than one mode is possible, and nothing about the mechanism of addition. 
Attempts to devise a representation of unsaturation which will convey 
this information have not so far been successful. 

SYSTEMS CONTAINING ONE UNSATURATED GROUP OR ONE 
UNSATURATED GROUP AND AN AROMATIC RING 

The Carbon-Carbon Double Bond 

The carbon-carbon double bond, which is the most important 
example of unsaturation shared by two like atoms, gives rise to a wide 
variety of addition reactions and also serves to transmit the activating 
or inactivating effects of substituents or other unsaturated groups.* 

CO.C*Hs ' C0CH2CH=CHC0»C*H8 

I + CH,CH=CHC 0 ,C 2 H# -► I + C,H,OH 

COiC»H 5 CO2C2H6 

Activation of adjacent atoms by the isolated ethyleoic linkage is 
ndther frequent nor striking. Probably the most important excep¬ 
tions to this statement are the greater reactivity of the allyl halides as 
* Fuson, Chem. *«»., 16,1 (1986); BUtt, J. Org, Chem,, 1,164 (1936). 
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ocHDpaml vritii the propyl halides and the ease of oxidation of the S 3 ^stem 
—CB"*=CH—CH 2 — to furnish an oi,/3>unsaturated ketone.* 

Redoctiba. Of the many addition reactions of the ethylenic linkage 
none is more general than the addition of hydrogen which, because of 
its wide applicability, is used to determine the number of ethylenic 
double bonds present in organic compounds. For the isolated ethylenic 
double bond, catalytic hydrogenation is the method •par excellence; 
metal combinations are without ^ect.* 

Catalytic hydrogenation may be carried out at the ordinary temper¬ 
ature and pressure when specially prepared, highly active forms of 
platinum and palladium are employed. Less expensive but also less 
effective is finely divided nickel whose use generally requires both high 
pressure and temperature or a vapor phase reduction. Improvements 
in the preparation of nickel catalysts * have led to highly active material 
which will bring about the hydrogenation of many ethylenic compounds 
in the cold.* Catalytic hydrogen adds most rapidly to isolated double 
bonds, less so to open-chain conjugated double bonds, and least of all 
to the conjugated double bonds present in aromatic ring systems. 
Omsequently, by a suitable choice of catalyst, temperature, and pres¬ 
sure, hydrogenation may often be made selective’ and may almost 
always be made complete. The failure to reduce certain biphenyl 
derivatives is apparently the one case in which catalytic reduction of 
ethylenic linkages has not been possible.* 

Oxidation. Under the general topic of oxidation a closely related 
group of reactions will be considered, some of which lead to the addition 
of an at<»n of oxygen or two hydroxyl groups to an ethylenic linkage, 
while the others lead to cleavage of the molecule at the double bond. 
The first few reactions are useful primarily in synthetic work; the 
remaining reactions are useful chiefly in d^adative studies. Peracetic, 
perbenaoic, and monoperphthalic acids form epoxides by addition of an 
atom of oxygen to ethylenic linkages. The reaction is of somewhat 

* Semnilar and Jaknbowiei, Ber^ 47, 1143 (1914); Bhinuum and Zaitiohel, B«r., 47, 
2823 (191^; Wiadaua. B«r., U. 488 (1920). 

* Metal ocmbinaf(iail%'Wtdoh are diacueaed more fully in oonnectioin with the reduction 
of carbonyl oampoundf^ 1iill reduce the ethylemc aide cdiain m atyrene and ita analoga 
but will not reduce thAllit idiaiu in allylbenieoe and ita analofli. Toward metal combi¬ 
nations and toward a viidety of other reagenta, etyrene and tbe aubatltuted vinylbenaenea 
behave bke aubatanoea containing a eonjugated ayatem of ethylenic double bonds. Con¬ 
sequently, those reactiims (d Styrene and ita analogs which are ^ reaotiona (d con- 
jttgeted syetema will be dlaraueed under that heading. 

* Covert and AdHna, /. Am. Ckem. #4, 4118 (1983). 

BuU. $oe. ddm., (8] $, <U88}. 

. ^ *.iftldith, Ber., 70A, 83 (1987); AdUns, tnd. Snf. Chm^ tt, 1189 (19*0). Compare 
40(6), and p. 797. 

^ WftUWand, ^utnEHUOy AiUcIim. /* Am, Ckem, *23* (1^). 
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limited applicability, and epoxides are not the sole products. Accord¬ 
ing to Bdeseken, who has made the most thorough study of the reaction, 
the process involves the addition of a mole of {leracid followed by the 
elimination of a mole of acid.’ 

RCO 2 OH + >0=C< -► >C—(X -> >C-C< + RCO*H 

I I 

OH OCOR ^ 

Many ethylenic compounds on treatment with the iodo-silver benzoate 
complex furnish the benzoates of l,2-glycols.^“ In a few cases the 
acetates of 1,2-glycols can be obtained by treatment of an ethylenic 
compound with lead tetraacetate.^ The 1,2-glycols themselves result 
from the catalyzed addition of hydrogen peroxide to ethylenic double 
bonds.“ 

Potassium permanganate reacts with many but not all ethylenic 
double bonds. A safe generalization is that permanganate will react 
readily with any ethylenic linkage where each ethylenic carbon atom 
holds at least one atom of hydrogen, and it will react with many ethyl¬ 
enic linkages where one ethylenic carbon atom holds at least one atom 
of hydrogen, but it will rarely react with completely substituted ethylenic 
linkages. Obviously, Baeyer’s qualitative test for the ethylenic linkage 
using permanganate is not reliable. However, when it does react, 
permanganate is extremely useful. It can be used in alkaline, neutral, 
or acidic solution and in water or acetone. If it is used in cold, buffered, 
dilute, aqueous solution the reaction leads to the addition of two hydroxyl 
groups and the product is a l,2-glycol.‘* Ordinarily, however, the 
oxidation is carried further and the molecule is cleaved between the 
carbon atoms originally joined by the double bond to furnish aldehydes, 
ketones, and acids. Such oxidative cleavage with permanganate is 
often used in the determination of structure. In so doing it should be 
kept in mind that ethylenic linkages frequently shift in the presence of 
alkali so that the end products of permanganate oxidation, though show¬ 
ing accurately enough the whole of the parent molecule, may not 
indicate the original position of an ethylenic linkage. 

* BSeaeken and Elaen, Rec, trot, ehim., 48, 863 (1920); Bdeaekea and Bohneidar, J. 
pnkL Chem., 181, 285 (1931); BMime, Ser., 70, 379 (1037). 

“ Prtvort, Compt. rend., 198, 1129 (1938); AUi congr. wUarn. ekim., S. S18 (1939) 
IC. A., 88, 8187« (1939)). 

n Dimroth and Schwewer, Ber., M, 1376 (1923): Criegea, Aft*., 481, 263 (193(1). 

** MUm and Suaaman, J. Am. Chem. Soc., 69, 2346 (1037); Milas, faw aman, and Mason, 
61, 1844 (1939). Compare Tnibs, Ber., 72, 6 (1939). 'With esrtsin Stiiyleoss the 
^yetds fonnsd are clMved to aldehydes by the same reagent. Cii^tae and Riohter, Ann., 
aai, 94 (1936). 

u Wagner. Ber., U, 1230,3347 (1888). 
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Qiroimo acid functions as an effective complement to permanganate 
as a reagent for the oxidative cleavage of ethylenic double bonds, 
^mide ethylenic compounds, which are oxidized satisfactorily by 
permanganate, are attacked too vigorously by chromic add for it to be 
of value. Highly substituted ethylenic compounds, particularly highly 
phenylated compounds, which are imaffected by permanganate are 
frequently oxidized by chromic acid to furnish significant products. 

The addition of ozone to the ethylenic double bond followed by 
decomposition of the resulting ozonides—ozonolysis—is the most 
general and reliable procedure for oxidative cleavage with simultaneous 
location of the double bond,*^ although ozone is not so specific a reagent 
for the ethylenic linkage as was formerly believed.^ The method has 
the decided advantage that it permits isolation of the primary cleavage 
products, for the excess oxidant, ozone, can be removed before the 
ozonide is cleaved. In oxidations, with permanganate and chromic 
add the cleavage products are exposed to the action of the oxidant. 


>O=C< + 0, 



0=C<^ "b HiOj 


Care must be taken in decomposing ozonides not only because they are 
often highly explosive but also because the hydrogen peroxide formed 
in this process may destroy the primary cleavage products. This latter 
complication may be largely offset by reductive decomposition,'® but 
the decomposition of ozonides is more complex than the simple form¬ 
ulation given abovB.'^ 

Ozone reacts more rapidly with open-chain ethylenic linkages than 
with those present in aromatic ring systems, and it reacts more rapidly 
with a carbon-carbon than with a carbon-nitrogen double bond. Thus 
the ethylenic linkages in the side chain are attacked on ozonization of 
phenylated ethylenes, and the ozonization of triphenylisoxazole fur¬ 
nishes the benzoate of benzil monoxime.'® 

C,HiC-CC,Hj C.H»CCOC«Hi 

CCeHj N—O—COC,H, 

“ Lob*. Chtm. 17, 437 (194®. 

“ Duiland and Adkiiui, J. Am. Chem. Soc., 11, 429 (1939). 

“ Fiiehor, D&U, and Ertel, Bar., M, 1467 (1^3); Whitmorf and Churdt, J. Atn. 
Chem, 8oc., 54, 3710 (1932); Cburclt, Wkitraore, and McOraw, dWrf., M, 176 (1934). 

Biiner, Ferrottet, Paillaid, and Sou, Beh, Chim. Acta, 19, 1163 (1936); Briner and 
ife Memitz, ibid., 11, 743 ( 1 ^ 8 ); Briscr, ^ Nemita, and Penrottot, tUd.. ft, 762 (1938); 
jBiumv, Franck, and Perrottot, <Md.> M. 1124 (1939). Tb«w artidM contain a diaouacion 
atruoture ot oaonidea. 

•» IMaenbeimw, Ber., 34, 8206 (1921). 
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In general, however, the presence of a carbon-nitrogen double bond 
leads to complications which may render the results of ozonolysis incon¬ 
clusive. Quantitative data on the rates of ozone addition to ethylenic 
comptounds indicate that the loading of ethylenic carbon atoms with 
phenyl groups or halogen atoms decreases the rate of addition.^* 

Ethylenic hydrocarbons may be converted to ethylene oxides by 
means of oxygen and a catalyst, usually silver, at high temperatures.®® 
Halogens. Chlorine, bromine, and iodine add to many ethylenic 
compounds. Of the three halogens, bromine is the most useful; chlorine 
is too reactive, and its use is often accompanied by substitution, while 
iodine adds to but few ethylenic compounds. With simple ethylenic 
compounds, the reaction with chlorine at elevated temperatures and in 
the presence of small amounts of oxygen results almost completely in 
substitution. Thus, propylene furnishes allyl chloride.®^ 

The instant decoloration of a bromine solution without the evolution 
of hj^drogen bromide is a valuable qualitative test for an ethylenic 
linkage, but a negative result with this test is not conclusive. As an 
approximation, the rule which was given for the oxidation of ethylenic 
compounds with permanganate may be applied to the addition of 
bromine; bromine will add to any ethylenic linkage where each ethylenic 
carbon atom holds at least one atom of hydrogen, and it will add to 
many ethylenic linkages where one of the ethylenic carbon atoms holds 
at least one atom of hydrogen, but it will rarely add to completely sub¬ 
stituted ethylenic linkages. This rule is a very gross approximation 
because it does not take into account the chemical nature of the sub¬ 
stituents. Unfortunately not a great deal of precise information is 
available about the effects of single substituents on the addition of 
bromine, but it has long been known that the loading of an ethylenic 
linkage with halogen atoms or aromatic groups will hinder addition or 
prevent it completely.®® 

Frequently the products of addition of the halogens to ethylenic 
linkages will dissociate under suitable conditions to regenerate the 
ethylenic compound and halogen—^in other words, the process is revers¬ 
ible. In the great majority of reactions, however, addition is either 
essentially complete or else it does not take place to an appreciable 
extent so that the primary concern is with rates of reaction. In this 
connection it should be emphasized that bromine addition is very 

“ NoUer, Carson, Martin, and Hawkins, J. Am. Chem. SoCm 18, 24 (19S8). 

“ Carbido and Carbon Chemicals Corp., U. S. pat. 2,160,341 [C. A., 88, 68^ (1939)]. 

** GroU, Hearne, Bust, and VaughlD, Ind. Eng. CKem., 81, 1239 (1939); Vau^ian and 
Rust, J. Org. Chem., 8, 449 (1040); Rust and Vaughan, ibid., 8. 472 (1940). 

“ Bauer, Ber., 87, 8317 (1904); 40, 918 (1907); B«oh, van Wtiek, «ad WaeBe, Beh. 
Chim. Acta, 4, 242 (1921); Ingold and Ingold, J. Cfum. 8oe., 2354 (1031>. 
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aeimiti've to catalysis both by polar molecules and by light. The mecha* 
niam of hal(^n additions has been extensively investigated. These 
additions are, in almost every instance, irons, and the two atoms of 
halogen add stepwise, not dmultaneously. In polar solvents the second 
step frequently involves some addend other than a second halogen atom 
so that along with 1,2-dihalogen addition products other substances 
are formed.** 

Not only the halogens but also thiocyanogen ** and iodine mono¬ 
chloride and monobromide will add to ethylenic compounds. The 
addition of iodine monochloride and monobromide to the unsaturated 
glycerides present in such industrially important oils as cottonseed, 
(dive, and the like, can be made a quantitative process by operating 
under strictly controlled conditions. The "icxiine numbers” thus 
obtained, which are a measure of the unsaturated constituents present, 
serve as a baris for the control of quality of the oils.** The addition of 
the iodine monohalides is not satisfactory, however, as a general analyti¬ 
cal method for ethylenic compounds.** 

Halogen Adds. Hydrogen fluoride,** chloride, bromide, and iodide 
add to etiiylenic compounds. The addition is often reversible, and the 
rate of addition, which is usually slow, is markedly subject, save with 
the fluoride, to catalytic acceleration. The halogen acids furnish the 
first important examples of unsymmetrical addends, and when hydrogen 
bromide, for example, adds to an unsymmetricaliy substituted ethylenic 
linkage two isomeric products may result. 

CH»CH*CH*Br CH,CH=CH,-|- HBr CH,CHBrCH| 

These poeeibilities were recognized early in the development of organic 
chranistzy, and Markownikoff** in 1870 presented a generalization, 
based on observations of the behavior of a number of relatively simple 
ethylenic compounds, which has made it possible to predict in many 
reactions the major product of halogen acid addition. This generali¬ 
zation, known as Markownikoff’s rule, may be stated as follows: when 
a halogen acid (HX) adds to an unsymmetrical ethylenic compound, 

** A review of the evidence for etepwiee addition of helosen and a dieouaiion of ite 
stereochemical implications wiU be found in Hammett, “Phymeal Organie Chemistry,’’ 
MeGraw-Hill Book Co,, New York (IMO), pp. 147-lfil. Exsmjdes of halocsn addition 
involving the stdvent are reported by Webw, Hennicm, and Vogt, /. Am. Chtm. S»Cn dt, 
US7 (1938). 

** SCderbfick, Ann., 44S, 142 (1925); Kawfma nn and Oehring, Ser., 59, 187 (1926). 

■* wu«, JBer., 21, 760 (1898). Details of tile method ean be found in most book*dealing 
„||ftb oommerdal analyti^ methods. 

fo Fmacher, Oruse, and Oartter, tnd. Sng. Chtm., U, 1044 (1921). 

: W Qmsse and Linn, J. Org. Ckmn 5, 26 (1988). 

* Idatlmwnikafr, Ann., US. 256 (1870). 
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the halogen (X). usually appears on the carbon atom carrying the 
smaller number of hydrogen atoms or the larger number of alkyl groups. 
This rule is approximate, not exact. The greater the differences in the 
chemical nature of the substituents on the ethylenic carbon atoms, the 
more closely it is obeyed. Generally, however, it does serve to predict 
the major product of the reaction. While Markownikoff’s rule predicts 
adequately the mode of addition of hydrogen fluoride, chloride, and 
iodide, hydrogen bromide often adds in the opposite sense—abnormal 
addition.** Recently it has been found that the addition of hydrogen 
bromide to simple ethylenic compounds follows Markownikoff’s rule in 
the absence of peroxides and that in the presence of peroxides or fer¬ 
romagnetic metals abnormal addition occurs.** Proper allowances for 
the peroxide effect and for solvent effects are clarifying many of the 
discrepancies in the literature dealing with the addition of hydrogen 
bromide to ethylenic compounds.* It must be emphasized, however, 
that this discussion of Markownikoff’s rule has dealt only with its 
accuracy. No generally accepted theoretical explanation of the course 
of additions to simple ethjdenic compounds has been advanced.** 

Inorganic Oxygen Acids. The inorganic oxygen acids, sulfuric and 
nitric, add to ethylenic double bonds, f Sulfuric acid of various con¬ 
centrations up to 100 per cent either adds to ethylenic linkages as H 
and OSO 3 H in accordance with Markownikoff’s rule to furnish alkyl 
sulfuric acids, or serves to add a molecule of water at the ethylenic 
linkage and form alcohols. It has generally been assumed that the 
alcohol synthesis proceeds via an alkyl sulfuric acid which undergoes 
subsequent hydrolysis. However, this interpretation is inconsistent 
with the facts that the yields of alcohols are favored by the use of dilute 
acid and low temperatures and that alcohols can be isolated from the 
reaction mixtures under conditions such that the alkyl sulfuric acids 
are not appreciably hydrolyzed.” 

** Kharasch, Kleiger, and Mayo, J. Org, Chem., 4, 428 (1939). 

“ Kharasch and Mayo, J. Am. Chem. Soc., B5, 2468 (1933), and later articles. For a 
summary o{ work on the peroxide effect in the addition of balof^n acids and other addends 
to ethylflaic compounds, see Mayo and Walling, Cfcem. Rev., 27, 361 (1040). 

Sherrill, Mayer, and Walter, J. Am, Chem. Soc.. M, 926 (1934); Sherrill, tbid.. 56, 
1646 (1934): Linstead and Rydon, J. Chem. Soc., 2002 (1934); Kharasch and Potts, J. 
Am. Chem. Soc., 68, 67 (1936); Michael and Wiener, J. Org. Chem., 4, 631 (1939); O'Con¬ 
nor, Baldinger, Vogt, and Hennion, J, Am. Chem. Soc., 61, 1454 (1939). 

* The peroxide effect plays a part in the reactions between ethylenes mod othw addends 
than hydrogen bromide. See below under Miscellany. P- 641. 

*• Midiael, J. Org. Chem., 4, 619 (1939); Michael and Wiener, ibid., 4, 631; 6, 389 
(1940). 

t Many ethyloiic compounds rearrange and polymerize or potymeriae directly in the 
presence of mineral acids. Compare p. 641. 

** Brooks and Humphrey, J. Am. Chem. Soc., 40, 822 (1918); PUnt and Sidgwiok, 
J. Soc. Chem. Ind., 40,14T (1921). 
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In the absence of water it has been believed, following Wieland,** 
that sulfuric and nitric adds added as HO—SOaH and HO—NOa with 
subsequent esterification of the hydroxyl group in the compounds thus 
formed. In support of this view was the isolation of ethionic acid, 
carbyl sulfate, and /3-nitroethyl nitrate from the interaction of ethylene 
with sulfuric and with nitric acids. Michael has challenged this inter¬ 
pretation and has shown that the formation of ethionic acid and carbyl 
sulfate takes place onlj' when fuming sulfuric acid is used.®* For their 
formation he suggested the following processes: 


CHs=CHs + HOSO2OSO2OH HOsSCHjCHjOSOjOH 
CHi==CH2 -f SO* SOj -> CH2—CH* 


I 

SOa 

1 

O— 


0 


-SOa 


Using nitric acid and ethylene Michael found that addition takes place 
as H—ONO 2 ; the nitro esters and nitroalkylenes isolated by earlier 
investigators are the result of an indirect nitration by means of the 
nitrous oxides generated by oxidative side reactions (p. 176).®* 

Hypohalogen Acids. Hypochlorous and hypobromous acids react 
readily with many ethylenic compounds. In certain of these reactions 
water solutions of the halogen are effective. When an alcohol is used 
as a solvent the product is often that substance which would be obtained 
by the addition of the alkyl hypohaUte corresponding to the alcohol; 
compare the mechanism of halogen addition, p. 637. In hypohahte addi¬ 
tions to unsymmetrical ethylenes both possible products are usually 
obtained, but the principal product results from the addition of hydroxyl 
to the carbon atom holding the smaller number of hydrogen atoms 
(contrast the mode of addition pf halogen acids described on p. 638). 
The addition of hypochlorous acid to propylene furnishes the same mix¬ 
ture of isomers in the same proportion that is obtained by the ring 
opening trf propyleiae oxide by hydrochloric acid.” In line with this 
fact is the suggeiptiiQai that hypochlorous acid and ethylenes react first 
to give ethylei;^ )Dxides and hydrochloric acid; the oxides are then 
opraied by the b^mrochloric add to form chlorohydrins.** 

** Wieland and Sakellarioe, Ber^ 898 (1919); B3, 201 (1920); Wieland and Babn 
B«r., 64, 17TO (1921). 

Micliacl and Wiener, J. Am. Chem. Soe., 68, 294 (19S6). 

» IdioluKl and C^arlaon, Und., *T, 1288 (1936). 

VfiKdlib. Z. Mvaifc. Chem., 98, 69 (1919). 

iMilkduiel and Carlaon, J. Am. Ckem. Soe., 87, 1268 (1936). 
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Friedel-Crafts Reactions. A number of reactions may next be con¬ 
sidered whereby paraffins, cycloparaffins, and aromatic hydrocarbons, 
phenols, acyl halides, and a-chloroethers may be added to ethylenic 
hydrocarbons. These reactions, which are brought about under the 
influence of catalysts such as the chlorides of aluminum, zinc, and 
bismuth, boron trifluoride, hydrogen fluoride, and sulfuric acid may be 
considered as variants of the Friedel-Crafts syntheses (pp. 179, 553). 

(CH»)jCH + CHj==CH2 -> (CHalsCCHsCH*»» 

CeHsOH + CH,CH=CH2 CeHsOCHCCH,)*" 

CtHsCOCl -f- CH2 =CHj -» CJI.COCHjCH,Cl CJI,COCH=CH2 + HCl« 

ClCHjOCHs + CH3CH=CH2 -» CHsCHClCHjCHjOCHs« 

They are applicable to a wide range of ethylenic compounds. Unless 
the reactions are carried out under carefully specified and controlled 
conditions complex mixtures of products are likely to result, for the 
same catalysts which are effective in the above addition processes are 
also the ones which usually polymerize ethylenic hydrocarbons." 
Although these reactions are not of much importance in the laboratory, 
they are of tremendous importance in the manufacture of fuel for 
internal-combustion engines. 

Miscellany. A final group of reactions, the addition of sulfur com¬ 
pounds, nitrogen compounds, and mercuric salts, remains to be con¬ 
sidered. These addition reactions are of less general applicability than 
those already discussed, and their study has not progressed to the same 
extent as the study of the addition reactions considered earlier. 

Sulfur chloride adds to many ethylenes: the reaction is the basis for 
the manufacture of mustard gas. 

2CH5r=CH2 + S2CI2 CICH2CH2SCH2CH2CI + S 

Sulfur and hydrogen sulfide react with ethylenes to form mercaptans 
80 that the final products in the reaction between these substances and 
ethylenic hydrocarbons are the products resulting from the addition of 

" Ipatieff, Groase, Pinee, aad Komarewski, ibid., 58, 913 (1936); Ipatieff, Conoa, and 
Pines, ibid., 58, 919 (1936). 

Sowa, Hinton, and Nieuwland, ibid., 54, 3694 (1932); Niederl and Wliitinan, ibid., 
55,1966 (1934). 

« Norris and Couch, Und., 42, 2329 (1920); Allen, Crassman, and Bell, Can. J. Be- 
search, 8, 440 (1933); Colonge and Mostafsvi, Bull. eoe. chim,, (S] 6, 336 (1939). 

« Soott, U. S. pat. 2,024,749 (1933) ; Straus and Thiel, Ann., fits, 161 (1936). 

" Ipatieff and Groase, J. Am. Chem. Soc., 57, 1616 (1936): 58, 916 (1936); Nash and 
Mason, Ind. Eng. Chem., IS, 46 (1934). 
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mercaptams to the double bood.^ The peroxide effect is encountered 
in the addition of mercaptans. In the addition of bisulfite to ethylenea 


CH,CH,CH,SCH,CH, < 


Peroxide 

preeent 


CH,CH=CHs + C*H*SH 


Peroxide 

absent 


(CH,),CHSCH*CH, 


the presence of oxygen or peroxides is essential/* 

Nitrosyl chloride, nitrogen trioxide, and nitrogen tetroxide add to 
many trisubstituted ethylenes and have been widely used in the terpene 
series in order to secure solid derivatives. The bimolecular addition 
products originally formed undergo, whenever possible, a shift of a 
hydrogen atom to furnish oximes.** 


2RsC=CHR + 2N0C1 [R2CC1C(N0)HR]2 2 R 2 CCICR 

II 

NOH 


Recent studies on the trioxide and tetroxide additions indicate that the 
reactions are more complex than was formerly believed and that earlier 
generalizations are of doubtful validity.*^ Phenyl azide and diazo¬ 
methane add to a limited number of ethylenea, the reactions serving as 
a method of synthesis of triazoles and pyrazoles.** 


CeHtCH Nv. 

II -f- |i>NC,H, 

CHj 


CeHsCH-NCcHs 

i I 

CHs N 


CH^=CHBr -f- CHjNj 


CHa CH^ CH—CH.X 

I >N -- (I >N 

CHBr—NH/ CH—NH/ 


Organomagnesium halides do not add to the ethylenic linkage. The 
elements of methoxymercuric acetate do add to ethylenes to give 

** Poaner, Ber., 38, 643 (ISOS); Ashworth and Burkhsrdt, J. Chem. Soc., 1791 (1928) ; 
CaroUierB, /. Am. Chem, Soc., M, 2006 (1933) : Jones and Keid, ibid,, M, 2452 (1938); 
Ipatieff, Pines, and Fri«i4BULn, Aid., 30, 2731 (1938) ; Mayo and WaUing, Chem. Rev., 37, 
351 ( 1940 ). 

** Khaiasch, May, and Mayo, J. Org, Chem., 3, 176 (1938) ; Kbarasch, Schenek, and 
Mayo, J. Am. Chem. Boe., 31, 3092 (1939). 

* Sdimidt, Ber., S3, 2323, 3727 (1902) ; Schmidt and Leipprand, Ber., 87, 632 (1904) ; 
Wieland, Ann., 434, 71 (1921). 

” Michael and Carlson, J. Org. Chem., *, 169 (1939) ; 3, 1, 14 (1940). 

. ** Wolff, Ann., 394, 68 (1912) ; Alder and Stwn, Ann., 301, 1 (1933) ; CUveri-Mandala 
ehin. Hal.. 40 (1), 117 (1910) : Wieland and Probst, Ann., BSD, 274 (1937). 
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products stable in non-acidic media. The addition is accelerated by 
electron acceptors and retarded by electron donors.** 

The Carbon-Oxygen Double Bond 

The carbonyl group occupies the same position of major importance 
among unsaturations shared by two unlike atoms which the ethylenic 
linkage holds among unsaturations shared by two like atoms, and the 
addition reactions of the carbonyl group are, for synthetic purposes at 
least, of greater importance than those of the ethylenic double bond. 
There are wide variations in the rates of addition to carbonyl com¬ 
pounds and equally wide variations in the positions of equilibrium of 
such of the addition reactions as are reversible. Detailed information 
on the relative reactivities of carbonyl compounds in addition reactions 
is found in Chapter 13 (p. 1049) and in the paragraphs below. 

Reduction. In contrast with the ethylenic linkage which is amen¬ 
able only to catalytic hydrogenation, the carbonyl group can be reduced 
both catalytically and by means of metal combinations. Catalytic 
reduction leads to the formation of primary alcohols from aldehydes 
and secondary alcohols from ketones. The carbonyl group often acts as 
a poison to platinum catalysts; the catalyst must then either be reacti¬ 
vated by frequent shaking with oxygen or protected by the addition of 
an iron salt. Such use of iron salts as promoters often makes possible 
the preferential reduction of a carbonyl group in the presence of an 
ethylenic linkage.*® 

Metal combinations, which have not been considered up to this time, 
consist of a base metal (sodium, zinc, magnesium, and various amalgams) 
with a hydrogen donor which may be either an acid, a base, or a neutral 
molecule such as water or alcohol. Aldehydes on reduction with metal 
combinations furnish primary alcohols. Ketones, however, on similar 
treatment undergo bimolecular reduction and give almost exclusively 
l»2-glycols, known as pinacols. When magnesium amalgam is used, a 
TnngnftBiiim derivative which furnishes the pinacol on acidihcation can 
be isolated. This fact indicates the importance of the metal in bimolec¬ 
ular reductions, and it has been suggested that such reductions proceed 
through the addition of the active metal to the oxygen atom with for¬ 
mation of a complex having a free valence. This complex can combine 
either with a similar complex or with a second atom of metal. Decompo- 

« Wri^t, J. Am. Chem. Soc., 57, 1993 (1935); Birka and ibid., tS, 2412 (1940). 

*• (o) Adam* and Garvey, Md., 48, 477 (1926) j (6) Weygand and Warner, Ber., 71, 
2469 (1938); (c) Sauer and Adkins, J. Am. Chem. Soc., 5t, 1 (1937), 
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dtion of the resulting metallic derivatives by the hydrogen donor fur¬ 
nishes the final products.^ 


2(CH,)20=0 


MgHgz 


(CH,)2C 


-C(CH,), 


0 o 

\ / 

Mg 


(CH,)2C-C(CH,), 

i I 

OH OH 


Complete reduction of the carbonyl group to a methylene group is also 
possible using metallic combinations {the Clemmensen procedure 
employing amalgamated zinc and hydrochloric acid “) or by way of the 
hydrazones or semicarbazones and alkoxides (Wolff-Kishner method “). 
In certain cases this type of reduction can be effected catalytically.“ 

A third method for reducing many aldehydes and some ketones to 
the corresponding alcohols depends upon the simultaneous dehydro¬ 
genation of an alcohol to a carbonyl compound.^ 


CCItCHO + CHsCHjOH 


Al(OC,Hj), 


CCIsCHjOH + CHjCHO 


The reaction is reversible, and the carbonyl compoimd formed must 
be removed in order to carry the reaction to completion. As may be 
observed from the illustration, this process permits the reduction 
of carbonyl groups even when there are present other reactive groups 
which would be attacked by the ordinary reducing agents. Many 
reductions of carbonyl compounds which have been ascribed to 
the Grignard reagent are in reality due to the process just described. 
For example, the reduction of benzaldehyde on treatment with an insuffi¬ 
cient amount of ethylmagnesium bromide is a result of the reaction 
between the bromomagnesium alkoxide of ethylphenylcarbinol and the 
excess benzaldehyde.®* A limited number of carbonyl compounds can 
be reduced by the Grignard reagent itself; the process is entirely different 
from the alkoxide reduction and will be described in connection with 
the addition reactions of the Grignard reagent. 

Organic acids a*8 extremely difficult to reduce. This probably indi- 

** WiUst&tter, Seits, and Bunun, Ber., 61,871 (1928). 

“ ClemmenKin. Ber., 46, 1838 (1013); 47, 51, 681 (1914); Martin, J. Am. Chem. Soe., 
66 , 1438 (1936), 

“Wolff. Ann., 864, 86 (1912). 

“ Faillebin, Comja. rend., 177, 1118 (1023). 

“ Meerwein and Schmidt, Ann., 444, 221 (1926); Lund, Ber., 70, 1520 (1937); Betain, 
$, (mgfw. Chem., 63, 266 (1940). For a apecial method of redneina aromatic aldehydes to 
ycimaty alcohols with aimultaaeoua (nidation of formaldehyde to formic acid see the 
Caaodkcarh reactiem (p. 649). 

MMdwnheimer. Ann., 446, 76 (1026). 
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cates the absence of a true carbonyl group in the acids themselves, for, 
as soon as the dissociable hydrogen atom is removed by esterification 
or by the formation of derivatives such as lactams, anhydrides, or 
chlorides, reduction takes place more readily. 

Alkali Bisulfite. On treatment with an aqueous solution of an alkali 
bisulfite, almost all aldehydes, many methyl ketones, and a few cyclic 
ketones will add a mole of bisulfite and form alkali salts of a-hydroxy- 
sulfonic acids.®’ These salts are crystalline solids, sparingly soluble in 
the presence of excess bisulfite, and are of practical importance in the 
isolation of carbonyl compounds. Since, further, the addition reaction 
Is reversible, the alkali bisulfite can be destroyed either by alkali or 
acid and the crrbonyl compounds can thus be regenerated; the addition 
products are useful in the purification of carbonyl compounds. 

R—C—OH 

1 

SOsNa 

With simple carbonyl compounds the rate of bisulfite addition is 
decreased by increasing the size or the complexity of the hydrocarbon 
residues attached to the carbonyl carbon atom. The data in Table I 


TABLE I 


Substance 

Per C)ent Reacted After One Hour 

KHSOs 

NHaOH 

CeHsNHNHa 


70-90 

(CeHsCHO 85) 


nWjDOflTT, . 

22 

82 

66 

CHjCOCHsCHi . 

14 

76 

62 

r'H.r.nnM.rrOorrr.. . 

12 

72 

38 

p.M-nnoTTcnH,).,. 

3 

33 

16 

P.^TTrnOPoHg . 

2 

38 

11 

PT^-P.nP«TTg . 

1 

8 

4 

CHj—CHa 
/ \ 

r'Ti- (TO. 

i 

36 

92 

40 

"x / 

CH 2 —CHa ! 



RoBchig and Pralil, Bet., 61, 179 (1938); Lauer and Langkammerer, J. Am. Chem. 
Soe., 57, 2360 (1935); Caughlan and Tartar, ibid., 63, 1265 (1941). 

** Fetrenko-KritBoheako and Kantacheff.BM'., 39,1452 (1906), Cknnpare alao Stewart, 
J. Chem. Soe., 87, 186 (1905). 


H 


R—c{^ + NaHSOs 


\ 


0 
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illustrating these effects are of fundamental importance in any con- 
sidmttion of the addition reactions of the carbonyl group, for, as will 
be seen later, toward other addends the order of reactivity of simple 
carbonyl compounds is, with few exceptions, the same as that toward 
bisulfite. This statement is not to be interpreted as indicating that the 
steric effects just mentioned are the only factors determining the rate 
of addition to the carbonyl group but rather that they are usually the 
predominant factors. 

Hydrogen Cyanide. In the presence of a base, hydrogen cyanide 
will add reversibly to the carbonyl group to form an hydroxynitrile 
(p. 1035).** This reaction, which is of wider applicability than the 
bisulfite addition, is a valuable synthetic tool. 

OH- /Oil 

yc=0 + HCN >C< 

r/ R/ ^CN 

Grignard*Reagent (p. 495). The Grignard reagent adds irreversibly 
to formaldehyde to 3 aeld primary alcohols; to other aldehydes and to 
esters of formic acid to furnish secondary alcohols; and to ketones and 
esters of organic acids other than formic to yield tertiary alcohols. 
Three other reactions, reduction, replacement of a-hydrogen, and con¬ 
densation, may, however, interfere with the normal addition of the 
Grignard reagent to the carbonyl group. Thus, when diisopropyl 
ketone is treated with isopropylmagnesium bromide, the products are 
diisopropylcarbinol and propylene; when acetomesitylene is treated 
with methylmagnesium iodide it evolves one molar equivalent of methane 
and forms an iodomagnesium enolate from which acetomesitylene can 
be recovered on acidification; and when ethyl phenylacetate is treated 
with isopropylmagnesium bromide, condensation to a,-y-diphenylaceto- 
acetic ester occurs. The correlation of these three reactions and addition 
with the structures of various carbonyl compoimds wid Grignard 
reagents is illustrated in Table II. 

From the data in Table II it is seen that an increase in the size or 
the complexity of the groups present in the carbonyl compounds or the 
reagent generally decreases the extent of the normal addition reaction. 
However, size and complexity of the substituent groups are not the only 
significant factors. A definite amount of cmnplexity causes less inter¬ 
ference with addition when it is present in the ketone than when it is 
{present in the reagent. These complications so curtail the effectiveness 
Iji the Grignard reagent as a synthetic tool that, by present methods, 

^ i«|iworth, J. Chrni. Soc., 88. MS (1903); Lapworth and Manake, 2S33 (1928) 
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TABLE II® 


Substance 


CHsMgl 

fi-CiHgMgBr 

or 

n-CsHTMgBr 

180- 

C3H7MgBr 

tert- 

CiH^MgCl 

AA 


A 

A 

A 


AA 

AR 


AA 

AR 

RR 

AA 

AA 

AA{C) 

A 

AA 

AA 

AA 

C 

AA 


AA(R) 


AA 

AR 

EC 

EC 

AA 

AR 

RR 

RR 

AA+ 

RR 

RR 

RR 



RR 




EE, CC 


AA 

R 

AA 


CHgCHO. 

(CHg)2CHCHO. 

(CH3)jCCHO. 

CHgCOCHj. 

C2H6COC2H6. 

CH3C0CH(CH3)2. 

CH8C0C(CH3)3. 

(CH8)2CHC0CH(CH3)2. 

(CH3)3CC0C(CH3)3. 

(CH3)2CHC02C2H6. 

C«H5CH2C02C2H6. 

CgHsCOCsHs. 


A “ addition. K “■ reduction. + “ no reaction with CeHsMgBr. C “ condeneation. 
K " replacement of a-H. A tingle letter indicatea approximately 50 per cent reaction; a double 
letter indicatet greater than 50 pet cent reaction. 


it is not possible to prepare secondary alcohols containing two tertiary 
groups or tertiary alcohols containing more than two branched-chain 
groups. The mechanism of reduction by organomagnesium halides is 
not agreed upon; reduction can generally be avoided by using instead of a 
Grignard reagent the corresponding organolithium compound, and 
frequently the organolithium compounds will add to carbonyl groups 
that are unattacked by the Grignard reagent." 

Refonnatsky Reaction (p. 548). The Reformatsky reaction" is 
related to the Grignard reaction. The preparation of a Grignard 
reagent from a bromoester is not practicable, for the organomagnesium 
compound formed from one molecule reacts with the ester group present 
in a second molecule. Treatment of an ester of an a- or /9-bromoacid 
with zinc in the presence of an aldehyde or ketone results in the forma¬ 
tion of an ester of a d- or y-hydroxyacid. The Reformatsky reaction, 
because of its selectivity and wide applicability, is a valuable method 
for the synthesis of hydroxyesters and their dehydration products. 

All the addition reactions of the carbonyl group which have been 
considered up to this point can be formulated in the same way: the 

« Conant and BUtt, J. Am. Chem. Soc., 61, 1227 (1929); Conant, Webb, and Mraidum, 
ibid. 61 1246 (1929); Blatt and Stone, ibid., 64, 1496 (1932); Kbarasob and Weinhouse, 
J". 0r<. Chem., 1, 209 (1936). 

Wittig and Petri, Ber., 88, 924 (1936). 

*• Refonnatiky, Ber., 18, 2843 (1898); Haberiand and Hrinridb, Bar., 71, 1222 (1939). 
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addition of hydrogen, or a metal which is replaced by hydrogen in the 
final product, and a second fragment A. The mode of addition is 
always such that hydrogen adds to oxygen while the balance of the 
addend goes to carbon, and the primary addition products always con¬ 
tain an hydroxyl group. 


Carbooti. 

Compound 

H 

\. 


R- 


R 




\. 


R 


C^ 




H 


R—C 




O 


R—C^ 




O 


R—C^ 




0 


Addend 

H—A 

H—H 

H—SO,Na 

H—CN 

XMg—R 


Product 

H 


R—C^H 


i 


H 

/ 

R—C—OH 

I 

H 

H 

/ 

R—O—OH 

I 

SO.Na 

H 

R—C^H 


djN 

H 


R—C—OMgX -♦ R 

k R 


H 
C^H 


H H 

Br2ii—CHjCOiCtHj Il“'C—02^Sr R,—C—OH 


h 


iH,co,cja, 


i: 


HsCOsCtHfl 


In the mode of addition to the carbonyl group there is no such ambiguity 
as is observed in the addition of unsymmetrical reagents to the ethylenic 
double bond. 

Synthe^ and Condensation. The same formulation, addition as H 
and A, applies also to the reactions of condensation and 83 mthesis with 
<»rbonyl compounds which are next to be considered. In these two 
groups of reactions, however, the primary hydroxyl-containing addition 
products are seldom isolated; instead the reactions usually go a step 
flurther and a molecule of water is eliminated with the formation of 
aaafttuzated compounds. The distinction made h^ between reactions 
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of condensation and synthesis is a practical rather than a rigorously 
logical differentiation; in reactions of synthesis new carbon-to-carbon 
linkages are formed.* 

In their reactions of synthesis, aldehydes display greater versatility 
than ketones. Aldehydes will undergo reactions of synthetic value with 
themselves, with other aldehydes, with ketones, and with other classes 
of unsaturated compounds. The course of the reaction between two 
molecules of an aldehyde depends both upon the structure of the alde¬ 
hyde involved and upon the condensing agent employed. Thus, if an 
aldehyde such as benzaldehyde which has no a-hydrogen atoms is 
treated with cyanide ion, certain metals, or ultra-violet light, a benzoin 
is formed.®* 

2C«H5CH0 CsHsCHOHCOCbHj 


The reaction is reversible,*® and it is possible to prepare mixed benzoins 
by the interaction of two different aldehydes.*® None of the mechanisms 
suggested for the reaction has gained general acceptance. If, instead 
of cyanide ion, strong alkali is employed, the Cannizzaro reaction takes 
place.** In this reaction one molecule of aldehyde is oxidized to the 
corresponding acid while the second is reduced to a primary alcohol. 


2 CHsO + NaOH CHjOH + HCOsNa 


The presence of peroxides is essential.*^ A crossed Cannizzaro reaction 
using formaldehyde and an aromatic aldehyde offers a convenient 
method of reducing the aromatic aldehyde essentially quantitatively 
to the corresponding primary alcohol.** Still a third variant is the 
Tischenko reaction whereby two molecules of an aldehyde, which may 
or may not contain a-hydrogen atoms, are converted to an ester by the 
use of an alkoxide catalyst.** 


2RCHO 


Al(OCiHe}| 


> RCOjCHsR 


• Where no distinction is desirable, it is not uncommon to find the term "condensa¬ 
tion" applied to reactions resulting in a new carbon-carbon linkage. 

••Schorigin, Issaguljans, and Gussewa, Ber., M, 1431 (1933); Waller and liebig, 
Ann., 8, 276 (1832). 

“Smith, Ber., 86, 66 (1893); Anderson and Jacobson, J. Am. Chtm. Soe., 4S, 836 
(1923); Buck and Ide, ibid., 63, 2360, 2784 (1931). 

M Buck and Ide, ibid., 68 . 220, 4107 {1930). 

« Del6pine and Horeau, Btdl. aac. cAm., (6] 4, 1624 (1937); Eitel and Lock, Monalsh., 
78, 410 (1939). 

Kharasch and Foy, J. Am. Chem. Soc., 67, 1610 (1936). 

Davidson and Bogert, ibid., 67, 905 (1935). 

W Xiachenko, J. Chem. Soc., 98, 182, 282,284 (1907) • 



650 


ORGANIC CHEMISTRY 


Wbai an aldehyde having an a-hydrogen atom is treated with adds 
or bases aldolization takes place. 



This first step is easily reversible. A second step, loss of water, which 
is brought about by the same catalysts, is also, but less readily, reversi¬ 
ble. 

/H 

CH.CHOHCHiC^ 

^0 


A 

CH3CH=CHC;C + HjO 
^0 


The unsaturated aldehyde formed as a result of aldolization can react 
with another molecule of aldehyde. 


yB. /H 

CH,CH=CHC4 + CH,C/ 


^ CHsCH=CHCH0HCHjC4 

CH8CH=CH~-CH==CHC4 + HjO 

^0 


Progressive aldolization of this type which takes place in the presence 
of strong bases leads eventually to aldehyde resins. 

The term aldolization need not be limited to the reaction between 
two molecules of an aldehyde. It can equally well be applied to all 
those reactions of synthesis which involve the addition to a carbonyl 
compound of an unsaturated compound containing an a-hydrogen 
atom. The primary hydroxyl-containing addition products are seldom 
isolated, however, except in the reaction between two molecules of an 
aldehyde. When the two components are an aldehyde and a ketone, 
the product is usually an unsaturated ketone. 

CsHsCHO + CH,C0C«H» C«H*CH0HCH,C0C,H8 

CeH5CH==CHCOCeH5 + HjO 


When two a-positions are available in the ketone both may usually be 
made to react and often both the possible products can be obtained. 

C,H,CHO + CH,COCH, ?=* CJI,CH=hCHCOCH, + H,0 
CJI«CH==CH00CH, + CJHiCHO vt Cai.CH=-CHCOCH»=CHC.H, + H.O 

When an unsymmetrical ketone is employed, the course of the reaction 
«(Hi be controlled by the choice of the catalyst.™ 

WfiMriiH uul MflUer, R«r., SS, e66 H902). 
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, C,HsCH=CHCOCH,CH,+ HjO 

NaOH // 

/“ 

C«HsC + CHjCOCHjCH, 

^0 

The carbonyl group in ketones is less reactive than that in aldehydes. 
As a consequence aldolization between two molecules of a ketone takes 
place but rarely. Exceptions are to be found in the most reactive 
ketones, acetone and cyclohexanone. 

2CH,C0CH, (CHsliCCHjCOCHs (CHa)2C=CHCOCH9 + HjO 



OH 

Aldolization followed by loss of water will also take place between an 
aldehyde and an acid anhydride—the Perkin synthesis—if the reaction 
is forced by sufficiently drastic conditions. The anhydride, perhaps as 
an enolate, adds to the aldehyde, the sodium salt serving as a basic 
catalyst. 

/H cH,ro.N. rCeHsCHCHjCOOCOCH* 

CeH,C< + (CH,C0),0 j 

^0 L OH 

C6H6CH=CHC02H + CHaCOsH 

In support of this mechanism is the fact that the sodium salt can be 
replaced by other basic catalysts, certain amines, or inorganic salts such 
as potassium carbonate. Further, when the Perkin reaction is run with 
benzaldehyde, the salt of one organic acid and the anhydride of a differ¬ 
ent organic acid, or with equilibrated salt-anhydride mixtures, the ratios 
of cinnamic acid and substituted cinnamic acid formed are consistent 
with the equilibrium position of the interchange reaction 

2 CHsC 02 Na + (RCHjCOlsO ^ (CHaCOljO -b 2RCHjC0*Na 

only when it is assumed that the anhydride condenses with the alde¬ 
hyde. The interpretation just given is the original one advanced by 
Perkin; it was for many years believed, following Fittig, that the reac¬ 
tion involved addition of the sodium salt to the aldehyde and that the 
anhydride dehydrated the resulting addition product.* 

* The interpretation given above is a result of the work of sev^wl chemists. An 
important contribution to this interpretation and an admiraUe survey of all the evidence 
is given Iw Breslow and Hauser, J. Am. Chem, 8oe., <1, 7S6 (1939), and by Hauser and 
Bredow. Hrid., p. 793. 
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Aldehydes and occarionally ketones may undergo aldolization with 
esters. Metallic sodium or an alkoxide in an hydroxyl-free solvent is 
employed as a catalyst. 

(CHslsCO + CHsCOjCjHs (CH,)20=C—COsCjH* 

I I + HjO 

CH2C02CaHE CHaCOaCjHe 


In the aldolization processes just described the carbonyl group has 
played a dual role; in one molecule it has served as the unsaturated 
group to which addition takes place, and in the second molecule it has 
served to activate a hydrogen atom in the a-position sufficiently to bring 
about addition. This second role of activating a-hydiogen atoms is 
also played by other unsaturated groups, and aldolization will take 
place, for example, between a carbonyl compound and an aliphatic 
nitro compound or a nitrile.* 


C»H»C^ 


H 

+ CHjNOj C*H»CH==CHN02 + HjO 
O 

H 

+ C,H6CH2CN ^ C6H6CH=C(C6Hs)CN -t- HjO 
0 


At the beginning of this chapter it was stated that the activating effect 
of unsaturated groups on adjacent atoms was second in importance 
only to the ability of these unsaturated groups to undergo addition 
reactions. The variety and usefulness of the various aldolization 
reactions which have just been described serve to illustrate this state¬ 
ment. 

The most important condensation reactions of the aldehydes and 
ketones are those with aniline, hydroxylamine, hydrazine, phenylhy- 
drazine, and semicarbazide. The first of these gives rise to Schiff’s 
bases; the remaining four furnish oximes, hydrazones, phenylhydrazones, 
and semicarbazones—derivatives frequently used for the isolation and 
identification of carbonyl compounds. The mechanism of these con¬ 
densation reactions has been shown to involve addition of the reagent 
and subsequent elimination of water from the addition products. 
Both steps are reversible. 

R—c/ -H-SagOH R—C—OH R—c/ + RtO 

^0 1 ^NOH 

NHOH 

• Ifor »idiacindoii ot the reaotioa axechimiam, eoe Cope, /. Am. Ch«m, Soe,, #•, 2327 
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The chemical evidence for this mechanism is the isolation in favorable 
cases—chloral, o-nitrobenzaldehyde—of the intermediate addition prod¬ 
ucts. The physical evidence is the fact that the rates of these condensa¬ 
tion reactions for a series of carbonyl compounds are comparable with 
the rates of bisulfite addition to the same compounds. In Table I, p. 
645, are shown the rates of oxime and phenylhydrazone formation for a 
comparison with the rates of bisulfite addition. 

More precise measurements of the rates of carbonyl condensation 
reactions are to be found on p. 1049. Here it need only be noted that 
these more refined and extensive modem studies have shown that the 
rates of carbonyl addition reactions are not determined exclusively by 
such steric factors as the size and complexity of the groups present in the 
carbonyl compound. 

The carbonyl group in esters reacts with hydroxylamine, hydrazine, 
ammonia, and similar compounds, but alcohol rather than water is 
eliminated in the second step of the process. The products of these 
reactions, hydroxamic esters, hydrazides, and amides, cannot be dis¬ 
cussed here. 

The addition of alcohol to aldehydes furnishes hemiacetals which are 
rarely isolated since they react with a second molecule of alcohol and 
give acetals. 

H 

H* / CjHjOH 

CHjCHO + CsHsOH CHjC—OH CHjCHfOCzHs)? + HsO 


OCzH* 


Ketones seldom form acetals directly, but these derivatives may 
obtained by condensation with an ester of orthoformic or orthosilicie 

firCld 

RjCO + HC(0C2H6)3 —♦ R2C(0C2H6)2 + HCO 2 C 2 H 6 

The addition of water to carbonyl compounds does not take place to 
an appreciable extent under ordinary conditions. From a few special 
compounds, for example chloral and mesoxalic acid, water addition 
products have been isolated. 

Many aldehydes and thioaldehydes when treated with mineral acids 
form two polymers. Ketones do not form such polymers, but thioke- 
tones do.’* The polymers of acetaldehyde are known as paraldehyde 
and metaldehyde. Mixed polymers of the paraldehyde type made from 
two different aldehydes are also known. The polymerization is reversi¬ 
ble, and the equilibrium is reached rapidly in the presence of a catalyst. 

n Helferich and Hausen, Ber., 57, 795 (1924). 

” ScbSnberg, Ber., 68, 196 (1929). 
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Snce tlie lower aldehydes are volatile and easily oxidized they are con* 
veniently stored in their less sensitive polymerized forms. 

Paraldehyde [A] contains a six-membered ring including three 
oxygen atoms. The mechanism of its formation probably involves 
addition of the catalyst to the carbonyl group followed by elimination 
in a different manner. In support of such a mechanism is the fact that 
the hydrogen bromide addition product of bromoacetaldehyde, which 
has been isolated, forms the corresponding paraldehyde [B] when treated 
with potassium acetate.’* 


/\ 

CH,CH CHCH, 




CHCH, 

lAl 


HO Br 

/ \ 

BrCHsCH CHCHjBr 


Br 


OH 


OH Br 

\ / 

CH 


BrCHjCH CHCHjBr 

I I 

0 0 

\ / 

CHCHjBr 

[B) 


CHjBr 
0-CHCH, 

I I 

CH,CH 0 

I I 

0 CHCH, 

I I 

CH,CH—O 

|C] 


Measurements of the rates of paraldehyde formation from acetaldehyde 
show that the slowest step is a trimolecular reaction, which is to be 
expected since the loss of the catalyst in the final step involves three 
molecules.” Metaldehyde [C] is a tetramer, (CH 3 CHO) 4 , containing 
an eight-membered ring built up of alternate carbon and oxygen atoms 
with a hydrogen atom and a methyl group attached to each carbon 
atom.” 

TTaln g iwis and Halogen Compounds. When certain aldehydes and 
ketones are treated with hypohalites, cleavage of the molecule with 
elimination of a halofoim r^ults. No intermediate products have been 
isolated from the reaction when it is carried out imder the usual condi- 
rions, but by the selection of properly substituted ketones and under 

,”Stopanow, Preobraschendcy, uid Schtaobuldna, Ber., N, 2633 (1926), 

<* Hatcher and Kay, Can. J. Retearch, T, 337 (1932). 

” BantEsoh and Oetdi^n, Ber., 40, 4341 (1907); PaitUnc and CarpraitOT, J. Am. Chem. 

1274(1930). 
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carefully controlled conditions it has been shown that the reaction 
proceeds through stepwise halogenation followed by a chain cleavage of 
the resulting trihaloketones.’® 

RCOCHa + NaOBr RCOCHjBr + NaOH 
RCOCHiBr + NaOBr RCOCHBra + NaOH 
RCOCHBra + NaOBr -> RCOCBrj + NaOH 
RCOCBrs + HOH -> RCO 2 H + CHBt, 

It is not certain that this mechanism applies equally well to water- 
soluble carbonyl compounds, for measurements of the rates of reaction 
of several substances of this type admit of other interpretations.’^ 

Phosphorus pentachloride reacts with many aldehydes and ketones. 
If the hydrocarbon radicals are simple, replacement of oxygen by 
chlorine takes place. Frequently unsaturated monochloro compounds, 
apparently formed by the loss of hydrogen chloride from the expected 
dichloro compounds, are found among the products. If the hydrocarbon 
residues are complex, the pentachloride sometimes reacts as trichloride 
and chlorine; an a-hydrogen atom is replaced and a chloroketone results. 
An excess of the halide has no effect on the carbonyl group. 

CHsCHO + PCls CHsCHCls -f- POCI 3 
(CH,)2CHC0CH(CH,)2 + PCh -♦ (CH3)2CHC0CC]{CH,)2-b HCl + PCI, 

As a consequence of the observation that phosphorus oxychloride was 
a product of the reaction when the oxygen atom of a carbonyl compound 
was replaced by chlorine, Straus suggested that the process involved 
addition of the pentachloride as Cl—PCU-^* 

Cl OPCU 

\ / 

CHjCOCH, + PCle CH,—C—CH, CHjCChCH, + POCl* 

It should be noticed that the course of the reaction between carbonyl 
compounds and phosphorus pentachloride depends upon the activity of 
the carbonyl group as this activity is affected by the attached hydro¬ 
carbon residues. With phosphorus pentabromide, however, which is 
less stable than the pentachloride, carbonyl compounds give only prod¬ 
ucts in which an a-hydrogen atom has been replaced by bromine. 

Oxidation. Aldehydes are easily oxidized to acids having the same 
number of carbon atoms; ketones are oxidized only with diflBculty, and 

^ Fuboh and BuU, Chem. 19, 276 (1934). 

Hatclier and Horwood, Can. J . Resefxrcht 41* 378 (1934), 

** Straufl, Ann., 899, 235 (1912). 
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the carbon chain is broken. Since the oxidation of an aldehyde is accom> 
plished by the same reagents which convert alcohols to aldehydes, the 
mechanism is probably the same. Wieland has suggested that the 
oxidation is in reality a dehydrogenation of the aldehyde hydrate and 
that the function of the oxidizing agent is to act as a hydrogen acceptor.’* 
It is known that water adds to aldehydes and sometimes stable hydrates 
can be isolated. Wieland has found that in favorable cases dehydro- 


R—C + HOH 
^0 


RC—OH RCOiiH + Ha 


OH 


genation can be accomplished by means of certain hydrogen acceptors 
not usually considered to be oxidizing agents; methylene blue, azo¬ 
benzene, indigo, and dibiphenyleneethylene have been so used. The re¬ 
action takes place in the absence of oxygen as long as the acceptor is 
present. 

Autoxidation is a common phenomenon with aldehydes and is 
occasionally encountered with ketones.*® With an aldehyde the end 
product of the reaction is the corresponding acid. Benzaldehydc adds 
oxygen to form an addition product which slowly yields perbenzoic acid. 

C.H6CC -h O 2 -4 C,H,CH0 02 -» CeH»CO,OH 
^0 


The peracid, which is an oxidizing agent for many unsaturated com¬ 
pounds, converts a second molecule of aldehyde to acid. 

CjHjCOsOH + C«H»C4 2 C,HsC02H 

The net result may be represented by the equation: 

2RC4 -h Oj -*■ 2 RCO 2 H 

In this instance the perbenzoic acid presumably acts as a hydrogen 
acceptor. 

Autoxidation, which is sensitive to catalysis by ozone, may be 
prevented with surprising ease by the use of a reducing agent as a 

** WieUad, Ber., 6i, 23fi3 (1961), and aumemu l»t«r artdclM. 

*• Jenkins, J. Am. Chem. Soc., IT, 2738 (1936). 

® Brinsr and Peirottet, Compu rsnd. toe. Wst. not. &sn6M, 84,101 (1987) [C. A., 
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stabilizer. Hydroquinone is most commonly used, and as little as 0.001 
per cent is effective. The same ^‘antioxidants” are also effective in 
hindering or preventing the polymerization of many ethylenic com¬ 
pounds. 

The Carbon-Carbon Triple Bond 

The acetylenic linkage is characterized both by its ability to undergo 
addition reactions and by the fact that a hydrogen atom attached 
directly to an acetylenic carbon atom is sufficiently reactive to undergo 
replacement by metals. The formation and reactions of these metallic 
derivatives are discussed elsewhere (p. 525); it is necessary to note here 
merely that they are of use in the isolation and identification of acety¬ 
lenic compounds and as synthetic tools. 

In their addition reactions the acetylenes add two atoms of hydrogen 
or their equivalent to furnish products which contain an ethylenic 
linkage or a carbonyl group, depending upon the nature of the addend; 
the chemistry of the addition products is that of the doubly linked 
unsaturated system which they contain. In general the same reagents 
which add to ethylenic compounds will also add to acetylenic compounds 
so that a detailed review of the addition reactions can be dispensed with. 
Certain reactions, however, merit attention. The addition of hydrogen 
can be controlled so as to furnish ethylenic compounds and, by proper 
choice of the experimental procedure, either the cis ethylenes or the 
trans ethylenes can be obtained.** Ozone adds to the acetylenic linkage, 
and the ozonides on decomposition furnish acids as a result of the cleav¬ 
age of intermediate dicarbonyl compounds by hydrogen peroxide.” 
This should be compared with the behavior of a-diketones toward 
hydrogen peroxide, p. 671. 

HC^II + 0, -* nC=CH ^ HC-CH + H,0, 2HCO,H 

d)—d)—*0 d)——d) d) dl 


Unsymmetrical reagents, such as hydrogen bromide, add according to 
Markownikoff’s rule; hydrogen bromide in the presence of peroxides 
undergoes abnormal addition.” 


T^fiTDxidcs 

C«H,CH=-CHBr C 4 H,C^H+ HBr —C4H,CBi=CH, 


Disubstituted acetylenes add unsymmetrical reagents in both possible 
ways.” 

” Campbell and Eby, J. Affi. Chem, Soe,, S8, 216 (1941). 

*» Hurd and Chriet, /. Or*. Chem., 1, 141 (1936); Jacobs, J. Am. Chem. Soc., B8, 2272 
(1936). 

•♦Young, Vogt, and Nieundand, Md,, <8, 1806 (1936). 

** Hourguel, Cotnt^. rend.. 178, 1667 (1924). 
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In the presence of suitable catalysts, a wide variety of oxygen- 
containing compounds add to acetylenes. The addition of alcohols 
furnishes ketals, acid chlorides furnish /8-chloro unsaturated ketones, 
organic acids furnish alkenyl esters, and water furnishes ketones. 

RC^R' + 2 CsHsOH RCCOCsHbIjCHjR' “ 

RC^CR' + CHjCOCl RC(Cl)=C(R')COCH»« 

RC^CR' + CHaCOjH -♦ RC=CHR' “ 

I 

OCOCH, 

RC^H + H2O -» RC==CH2 -> RCOCHs 

I 

OH 

The hydration of acetylene, itself, can be directed so as to furnish either 
acetaldehyde or acetone. 

CH=CH + H2O CHjCHO 

2CH=CH + 3H2O CH,C0CH3 + CO2 + H2 

Finally, acetylene in the presence of cuprous and ammonium chlorides 
will add a second molecule of acetylene or a molecule of a monosub- 
stituted acetylene. The reaction makes possible the synthesis of sub¬ 
stances containing both ethylenic and acetylenic linkages and when 
applied to acetylene itself furnishes vinylacctylene and divinylacetylene. 
The first of these products is the starting material for the preparation of 
one type of modem mbber substitute.*® 

HC=CH + HC=CH CH2=CH—C=CH 
CHtf==CH—CfeCH + HC=CH -> CH2=CH—CsC—CH=CH2 

The Carbon-Nitrogen Double Bond 

The unsaturation represented by the carbon-nitrogen double bond 
is found in aldimines, ketimines, and Schiff’s bases and in oximes, hydra- 
zones, and semicarbazones. In spite of the frequency with which such 
azomethines are encountered, relatively little study has been made of 
the behavior of the carbon-nitre^n double bond per ae. 

•* Killian, Hennian, and Nieuirtand, J. Am. Chem. 8oe., 58, 80 (1036). 

Kroeger, Bowa, and Nieuwland, J. Org. Chem., t, 163 (1036). 

** H«nnion and Nieuwland, J. Am. Chem. Soc., 56,1802 (1034). 

•* Niouwland, Calcott, DoTminc. and Carter, tbid., 58, 4197 (1081). "CoUaoted 
of W. H. Carottiei* on PolyineriiatieBn,” edited by Mark and Whitby, IntenoSenoe 
New Yodt (1040). 
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Aldimines, ketimines, and Schiff’s bases may be considered as sub¬ 
stitution products of the h 3 T)othetical condensation product of ammonia 
and formaldehyde, CH 2 =NH. Simple aldimines, RCH=NH, and 
Schiff’s bases derived from formaldehyde, CH 2 =NR, are unknown in 
the monomolecular state. One monomolecular aldimine and one mono- 
molecular Schiff’s base derived from formaldehyde have been described. 
They are readily hydrolyzed and reduced.*® Pol 5 Tneric aldimines and 
Schiff’s bases are hydrolyzed with great ease by acids to form an alde¬ 
hyde and ammonia or an amine, and they are easily reduced to primary 
or secondary amines. Monomolecular ketimines and Schiff’s bases 
derived from aldehydes other than formaldehyde have been prepared; 
they too are readily hydrolyzed and reduced. 

Schiff’s bases of the type RCH=NR, for example benzalaniline, 
have been studied in some detail. Their behavior in addition reactions 
is reminiscent more of carbonyl compounds than of ethylenic compounds. 
These azomethines will add the Grignard reagent and organolithium 
compounds; the hydrocarbon residue adds to carbon.** 

HX 

CeHeCH^NCeHs + CeH^MgBr -> (CeHslsCHNHC.H^ 

They will add sodium bisulfite,** and hydrogen cyanide.®* The bisulfite 
C,H6CH=NC,H6 + NaHSOs -» CtHsCHNHCjHj 

I 

SOsNa 


CeH6CH==NC«H6 + HCN ^ CeHsCHNHCjHs 

CN 

addition product has been formulated as a sulfonic acid by analogy 
with the bisulfite addition products of carbonyl compounds. It is 
described in the hterature as a sulfite ester. Schiff’s bases add organic 
compounds containing an active a-hydrogen atom by a process which 
is analogous to aldolization,** 

•1 (o) KoWer and Drate, J, Am. Chem. Soc., 4B, 1281 (1923); (6) Kohler and Katt, 
ibid., 60, 1220 (1928). 

Moureu and Mignonac, Ann. chim., [9] 14, 322 (1920). 

•• Buech, Ber., S7, 2691 (1904); Gilman and Kirby, J. Am. Chem. Soc., U, 1266 (1933). 
(See, however, p. 688.) 

•• Elceley and Swisher, Rec. trav. ehim., 48, 1062 (1929). 

MiUer.and Piachl, Ber., SI, 2700 (1898). 

“ Mayer, BiUl. soc, ekim., [3] SS, 167, 395 (1906); Snyder, Komberg, and Romis 
J, Am, Chm, -Soc- 3566 (1939). 
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C6HjCH==NCeHj + CHsCOCHjCH, CjHsCHNHC.H6 


and they also add acetic anhydride.** 


CHjCOCHjCHj 


C«HjCH=NC.H« + (CH,C 0),0 C^HsCHNC.Hs 

I I 

CHjCOO COCHj 


It is possible to add alkyl halides to the nitrogen atom in Schiff’s bases. 
The reaction is the basis of a valuable method for preparing secondary 
amines.*’ 


C6HsCH=NCeH5 + CHal 


/CHa 

CaHaCH=N<( I 

^Calla 


Oximes, hydrazones, and phenylhydrazones are utilized primarily 
for isolating and identifying carbonyl compounds. These azomethines 
can be hydrolyzed to regenerate the carbonyl compound and the reagent 
employed in their preparation. They can also be reduced by catalytic 
hydrogenation or metal combinations, and this rt'duction, when applied 
to oximes and phenylhydrazones. is an important method for preparing 
primary amines.** 

RjO=NOH + 2H2 -♦ R2CHNH2 + HsO 
ECH=NNHC<,H 6 + 2H2 RCHzNHz + CaHjNHz 


The Carbon-Nitrogen Triple Bond 

The same two reactions, hydrolysis and reduction, which are of 
outstanding importance in the chemistry of the azomethines occupy 
positions of similar importance in the chemistry of the nitriles. Hydrol¬ 
ysis of nitriles leads eventually to a complete rupture of the carbon- 
nitrogen linkage, but the first step is the addition of water to form an 
amide. 

RCteN + H,0 RC=NH -> RCONH* 

I 

OH 

like other addition reactions, this hydrolysis is very sensitive to changes 
in the nature of the substituent group R. TTius it is extremely difficult 
to hydrolyze tertiary aliphatic nitriles or di-ori^ substituted aromatic 
nitriles. 

** Ekeley, Snidier, «Dd Johmon, Oatt, ehim. iuU., 8S, 81 (1932); Snyder, I«vin, end 
WBey. -dm. Chem. Soe., 60. 2026 (1888). 

Deeker and Becker, Ann., 8M, 362 (ISIS). 

» HartUDB, J. Am. Chem. 8oe., 00, 3370 (1928); 68, 22« (1981); T*id, B«r., ». 1924, 
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The addition of hydrogen, which may be brought about either cata- 
lytically or by metal combinations, would be expected to jdeld a primary 
amine. Actually there is a marked tendency to form secondary amines. 
The formation of secondary amines can be suppressed by employing 
acetic anhydride as a solvent when a platinum catalyst is used,** or by 
reducing with Raney nickel in the presence of ammonia.^*® The follow¬ 
ing mechanism has been suggested for the formation of a secondary 
amine on the reduction of a lutrile.^®^ 

RC=N RCH=NH RCH 2 NH 2 

RCH=NH + RCH 2 NH 2 -> RCH=NCH2R -1- NHg 

RCH==NCH2R + H 2 -> RCHjNHCHjR 

The Grignard reagent adds to nitriles to form metallic derivatives of 
ketimines.*^ 

RCsN + R'MgX -<■ RCR' 

II 

NMgX 

In addition to the usual limitations resulting from an increase in the size 
or complexity of the group R, poor yields are frequently obtained be¬ 
cause some of the nitrile reacts in the tautomeric imide form, RCH== 
C=NH, Many nitriles show evidence of this type of tautomerism in 
other reactions. The Grignard reagent in certain cases also brings about 
intermolecular addition; one molecule of nitrile, acting as HA, adds to 
the triple linkage of a second molecule to form an imine. Numerous 
organoalkali compounds are excellent catalysts for this reaction.^®* 

The Nitro Group 

In the chemistry of the nitro group the activating influence of the 
unsaturated group on a-hydrogen atoms is of more importance than its 
addition reactions. In fact, the only addition reactions which need be 
considered are reduction and the addition of alkoxides. 

Reduction of the nitro group can be brought about by a wide variety 
of reagents, and the course of the reduction is controlled by the structure 
of the nitro compound, the nature of the reagent, and the conditions 
under which the reaction is carried out. It suffices to point out that 
nitro compounds can always be reduced to primary amines and they can 

** CarotherB and Jon©B. J . Am. Chem. Soc.. 47, 3051 (1025), 

Schwoegler and Adkins, ibid., 41, 3499 (1039). 

V. Braun, Blessing, and Zobel, Ber., #6, 1988 (1923). 

Ziegler and Ohlinger, Ann., 498, 84 (1932); Zie^er, Eberie, and Ohliiver, Ann. 
804, 94 (1933). 
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sometimes be redu<»d to nitroso compounds, hydroxylamines, oximes, 
azoxy compounds, azo compounds, and bydrazo compounds. The chief 
practical importance of these reactions is in the field of aromatic chemis¬ 
try where they lead to dye intermediates. 

Oiganometallic compounds bring about reduction of the nitro group; 
the process is both complex and obscure (p. 504). Aromatic nitro com¬ 
pounds can be reduced to secondary amines aliphatic nitro compounds 
are reduced to dialkylhydroxylamines. In both reactions, addition as 
well as reduction takes place, and in the latter reaction one of the alkyl 
groups in the product is more complex than either the alkyl group of the 
reagent or the nitro compound.*®* 

Alkoxides convert nitro compounds containing an o-hydrogen atom 
to metallic derivatives of the act-form, but if the alkaline treatment is 
prolonged the reaction goes past this stage. Nitro compounds which 
contain no a-hydrogen atoms will add a molecule of alkoxide.*®® 

Aldolization reactions involving a nitro compound which contains 
an a-hydrogen atom and carbonyl compounds or azomethincs are 
important m synthetic work. The reactions with formaldehyde, 
benzaldehyde, and benzalanilinc are typical. (Compare also the addi¬ 
tion of nitro compounds to conjugated systems, p. 679). 

CHsO -i- CHaNOs CHaOHCHjNOs 

-f- CHaNO* -> C»H6CH=CHNO* + HjO 

C.H,CH=NCaH5 + CHjNOz C«H,CHNHC6H5 

I 

CHjNOj 

TWINNED OR CUMULATIVE DOUBLE BONDS 

Five systems of twinned or cumulative double bonds, allenes, 
cumulenes, ketenes, isocyanates, and carbodiimides, require attention. 
AUene, CH 2 ==C===CH 2 , and its derivatives offer little that is novel in 
the way of addition reactions. The two ethylenic linkages act inde¬ 
pendently of each other, and they add the same reagents which add to 
isolated ethylenic linkages.*®* The mode of addition is in accordance 
with Markownikoff’s rule, and the addition is subject to the same 
ioffuences from substituent groups which were observed with ethylenic 

Mt Oilman and MoCraoken, J. Am. Chtm. 8oe., Bl, S21 (1029). 

Ber., 40, 9006 (1007)- 
Malaanlwimer. Ann., BBS, 210 (1002). 

W Aricmw md LaEorzt, /. Orf. C%W., B, 480 (1940). 
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compounds. Simple allenes polymerize to yield, among other products, 
cyclobutane derivatives.^”’ 

(CHs) 2C=C—CHj 

2(CH,)2C=C=CH2 1 1 

(CHs) 2C=G—CHj 


Alkyl-substituted allenes rearrange under the influence of alkali to 
furnish acetylenes,’”® and aryl-substituted allenes rearrange in an acid 
medium to furnish indenes.’”* 

Compounds containing several twinned ethylenic linkages, the 
cumulenes, (C6Ha)2C=0=C==C(C6H6)2, are also known.”” These 
substances are colored, add hydrogen and halogens readily, react 
sluggishly with permanganate, and are stable toward molecular oxygen. 
They are inactive in the diene synthesis and should be contrasted with 
the conjugated polyenes described below on p. 693. 

Ketene, CH2==C==0, and its derivatives are among the most 
reactive of all unsaturated compounds in addition reactions.* Originally 
it was held that ketenes contained an abnormally reactive ethylenic 
linkage and that all addition reactions of ketenes were additions te the 
carbon-carbon double bond. It is true that the final products in all the 
addition reactions of ketenes contain the addend attached to what were 
the ethylenic carbon atoms. With two reagents, however, specific 
e\adence has been presented to show that addition is to the carbonyl 
group and that kotonization of the primary addition product follows. 
The addition of i-menthol to phenyl-p-tolylketene followed by hydrol¬ 
ysis furnishes an optically active phenyl-p-tolylacetic acid. This is 
interpreted as showing the sterically directed ketonization of the primary 
addition product [A].’” 


Nc=O=0 -J- l-menthol 

cjh/ 


'CHaCeHiv X) menthyW 


CH.C,H. 

COI 


[A1 


^^)CHCOjmenthyl-i 


CHiCJI 

C,H 


c [Optically 
active] 


Lebedeff, J. Chem. Soc., 100, 774 (1911). 
m F»vor8lty. J. prakt. Chem., [2] S7, 417 (1888); [2] U. 208 (1891). 

IM Vorltoder and Siebert, JBer., 80. 1030 (1906); Kohler, An. Chem. 40, 220, 231 


(1908). 

““Kuhn and WaUenfels, Ber., 71, 783. 1610 (1938). 

• The monograph by Btaudinger, '‘Die Ketene," Enke, Stuttgart (1912), summariiea 
the early -work on ketenes. 

m Weiae, MonaUh., 40. 391 (1919). 
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In the addition of the Grignard reagent to diphenyiketene a proof of 
the structure of the primaxy addition product [B] has been accomplished 
by replacement of MgBr with a benzoyl group.'^* 


(C8H{)2C=C=0 + CjHsMgBr 


BXy 


(C«H 6 ) 2 C==C—OMgBr 

/ I®! I 

C.H5 \c.H.coa 


r(C«H4)jC=C—OH] 

I 

C 6 H 5 


(CeH 6 ) 2 CHCO 

I 

CeHt 


(CtHs),C=COCOCgHs 

1 

C.Hs 


On the basis of this evidence it is a reasonable conclusion that only 
those addends which are characteristic for the ethylenic linkage add to 
that linkage in ketenes, while those addends which are characteristic for 
the carbonyl group add to the carbonyl group in ketenes, and that 
addition to the carbonyl group is followed by ketonization.'** The addi¬ 
tion of oxygen and of halogen, the polymerization of disubstituted 
ketenes, and the combination of ketenes and ethylenic compounds’*^ 
may be formulated as addition to the ethylenic linkage. 

(C«H»)80=C=0 -1- O 2 (C6H6)2C—C=0 (C»H6)2C0 -I- COj 

I I 

0—0 

(C,H8)jC=O=0 + CI 2 ^ (C,H6)jCC 1C0C1 
2(C,H6)2C=C==0 (C.H6)2C—c==o 

I I 

0 ==C—C(CeIIt )2 


The addition of water, ammonia, amines, and halogen acids, that is HA 
reagents, is formulated as addition to the carbonyl group followed by 
ketonization. 


(C«H6)20=C==0 + HOH 

(C,H,)2C=-C=0 + Ha 


(C,H 6 ) 2 C=C<(^ 

(C.H 8 ) 2 C=C<^ 


OH 

OH 

OH 

Cl 


(C.HslsCHCOjH 

(CsH»)2CHC0C1 


u* Gilman and Heckert, J. Am. Chan. Boc., tt, 1010 (1020). The mechaniam of Uus 
reaction is discussed on p. £14. 

“‘Staudinger. Helv. CUm. Acta. », 07 (1022). 

l^mis, Kamage, Simonaen, and Wfdnwright, J. Chem. Soc., 1837 (1037); Bergmann 
llf«4.1|leiin-Berginaim, iWd., 727 (lOM): Smith, A«re, LeeUey, and Prichard, J. Am. Chem 

4 Mi^.fl.r(mo). 
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Ketenes do not take part in the diene synthesis (p. 685), but they 
do add acetylenes to give substituted a-naphthols.^^' 

It is probable that the addition of HA reagents to the twinned 
double bonds in isocyanates follows the same course as the addition of 
these reagents to ketenes.^^* 


C«II»N=C=0 + C«HtMgBr —♦ C«H»N=C—DMgBr 
Cai4N==C—on — C,HJ^HCO 

/OH 

C.H.N=C=0 + HjO C,HsN=C<^^^ CeHiNHCO^H — C,H.NH, + CO, 

C,HJ^HCONHC,H, 


/OH 

C,H,N=C=0 + C.H.NH, — C.H,N==C< 

\nhc,h. 


/OH 

C,H,N=C=0 + C,H,OH C,Ha^=C<^ ^ C.HtNHCOjCjH, 


Because they furnish characteristic solid derivatives by interaction with 
alcohols and amines the isocyanates are used for the identification of 
these two classes of compounds. 

Twinned double bonds and characteristic activity in addition reac¬ 
tions are also found in the carbodiimides—a group of compounds which 
has been known for many years but which has become available for 
study and use relatively recently.^^* Carbodiimides add, among other 
reagents, amines to form guanidines and acids to furnish acyl ureas. 

C(H,N=C=NC,H6+CJI,NH, C,Ha^HC=NCcH, 

COIiNH 

rCeHdsr— c=nc,h,-i cjeisNConhcjh, 

C.H,N=0=NC.H.+CdI.COJI J 

Both reactions are obviously 1,2-additions. 


Smith and Hoohn, 1. Am. Chem. Soe., 63, 1181 (1941). 

*** Oilman and Kinney, ibid., 46, 493 (1924). 

u» Snliall, J, prakl. Chem., [2] 64, 261 (1901); Buach, Blume, and Punca, ibid., [2]», 
513 (1900). 

Zetyaohe aiul odUaboratora, Ber., Tl, 1088 (1938), and aevergd later artiolea; Schmidt 
and ooUabcvstora, Ber,, 71, 1933 (1938); 73, 286 (1940). 
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CONJUGATED SYSTEMS OF MULTIPLE LINXAGES 

Relatively early in the development of organic chemistry abnormal¬ 
ities were observed in the course of certain of the addition reactions of 
substances which contained alternate single and multiple linkages. 
Thus, to use a comparatively recent example, when one mole of hydrogen 
is added to 1,4-diphenylbutadiene, addition takes place not at either of 
the ethylenic linkages but instead at the ends of the conjugated system.’** 

C6H6CH=CH—CH^CHCeHt + Hj C6H6CH2CH=CHCH2CeH5 

This type of addition is termed conjugate addition.’^* In an important 
article published in 1899, Thiele assembled many of the earlier data on 
conjugate addition, presented new evidence to show that many addition 
reactions not ordinarily considered so were conjugate, and proposed the 
theory of partial valence to accoimt for the phenomenon.’*’ 

In Thiele’s theory the initial assumption is made that not all the 
available affinity is used by a double bond between two atonvs: the 
imused affinity on each atom is called a partial valence and is repre¬ 
sented graphically by dotted lines as in I. In a conjugated system the 
partial valences present on the intermediate atoms (2 and 3 in formula 
I) neutralize each other so that the effective unsaturation is localized at 
the ends of the system as shown in II. Addition to such a system will 
take place at the end atoms and, since the addend will require more 
affinity than is available from the partial valences, the double bonds 
will be broken, a new double bond will be formed, and the final product 
wiU be III. 

1 2 3 4 

CHi=CH—CH==CHj CHj==CH—CH=CH2 CH2 CH=CHCHj 

• ••• I**) 

. . . . . . . ^ 

I II III 

Thiele’s explanation of conjugate addition was eagerly adopted—so 
eagerly, indeed, that at first but scant attention was paid to the fact 
that, although the theory of partial valence requires 1,4-addition exclu¬ 
sively, many cases of 1,2-addition to conjugated systems were known. 
In order to reconcile the general theory with these exceptions, Hinrich- 
sen modified it so as to take into consideration the nature of the sub- 

“* Straud, Ann., 84S, 256 (1906). 

Lute, J. Am. Chem. 8oc., 61, 3008 (1929). The convene of this process, l,4^mine- 
6ion to form a oonjocated sxston, is frequently encountered, but a disouasian of 1,4- 
.'jl Waiinjt titm is beyond Uie scope of this chapter. Gompare p. 108 of reference 121(a) > 

. -mxhfele. Ann., (o) 606, 87 (1800); (b) 808, 333 (1890): see, also, Michael, J. Am. 
09^. 89, 744 (1087). 
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stituents attached to the conjugated system and the nature of the 
addend.^* More recent developments have supplied plausible electronic 
interpretations for the occurrence of both 1,2-addition and conjugate 
addition as well as for the frequently observed interconversion of 1,2- 
and 1,4-addition products. * Lack of space, as well as the fact that there 
is not complete agreement between various electronic explanations, 
prevents a discussion of these modem interpretations in this chapter. 
Instead a descriptive treatment of the chemical behavior of the more 
important types of conjugated systems will be presented, stressing those 
reactions in which conjugated systems behave differently from their 
component unsaturated groups. Some physical properties associated 
with conjugation are considered elsewhere (Chapter 23). 

The Dienes and Ebynes 

Dienes can be reduced either catalytically or by means of metal 
combinations. When hydrogen and a catalyst are used reduction can 
always be made complete. Often, in the catalytic reduction of dienes, 
the rate of 1,4-addition of hydrogen to the conjugated system is su£5- 
ciently greater than the rate of 1,2-addition to the resulting isolated ethyl- 
enic Unkage to permit the two steps in the reduction to be followed exper¬ 
imentally. With other dienes, however, this is not so, and, in the addi- 

12 3 4 

tion of one mole of hydrogen to dienes such as RCH=CH—CH==CHR', 
1,2- and 3,4- and 1,4- additions have been reported.'’® Sometimes, also, 
using one molo each of diene and hydrogen, there is formation of the 
completely reduced product at the same time that some of the diene 
is unattacked. 

The addition of hydrogen to open-chain dienes by means of metal 
combinations is always conjugate, and, since the isolated ethylenic 
linkages thus formed are not reduced by metal combinations, reduction 
is never complete. The phenylated ethylenes (styrene, stilbene, and their 
analogs) behave as if the ethylenic linkage was conjugated with the 
nuclear double bonds, for these substances are reduced by metal com¬ 
binations. The mode of hydrogen addition is 1,2, however, and phenyl¬ 
ated ethanes are formed. 

“» Hinriohsen, Ann., 336. 182 (1904). 

* For a discussion with leading references, see Waters, "Physical Aspeets ot Organic 
Chemistry,” D. Van Nostrand, Now York (1936), Chapter XV. Compare, also, Ingcdd, 
Chem. Rev., 16, 226 (1934): Baker, "Tautomerism,” Routledge and Sons, Ltd., London 
(1034), pp. 248-262; and Muakat and Northrop, J. Am. Chem. 8oc , U, 4043 (1930). 
Compare also Chapter 26. 

^ (a) Licbedev and Yakubohik, J. Chem. Soe., 823, 2190 (1928); (6) Dupont and 
Paquot, Compt. rend,, 208, 805 (1937). 
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The addition of alkali metals is characteristic of conjugated ethylenic 
systems but not of isolated ethylenic linkages.* Simple dienes, such as 
butadiene, are polymeriiied by alkali metals and organoalkali com¬ 
pounds,but terminally phenylated ethylenes add alkali metals 1,4.‘“ 
Isoprene undergoes 1,4-ethylation with sodium and ethyl bromide 
and adds triphenylmethyl 1,4.*^’ If, in an ethylenic compound, one 
ethylenic carbon atom is either part of a crossed conjugated diene 
system or attached to an aromatic ring, alkn-li metal addition involving 
two moles of the unsaturated compound occurs. 

CH==CH\ CH=CH\ /CH=CH *“ 

Na Na 

2C,H«CH=CHj + 2Na -* CJIiCHCHiCHjCHCJI, ”• 

I I 

Na Na 

If each ethylenic carbon atom in an ethylenic compound is attached to 
an aromatic ring system, the addition of alkali metal involves one mole¬ 
cule of the ethylenic compound. 

C.HtCH==CHC«H6 + 2Na CsHsCH—CHCeHs 

1 1 

Na Na 

Since the organoalkali addition-products on treatment with a hydrogen 
donor undergo replacement of metal by hydrogen the net result of the 
process is reduction, f 

Because of the close correlation between the ability to add alkali 
metals and the susceptibility to reduction by metal combinations, it 
has been suggested that the latter reaction proceeds via metal addition 
followed fay replacement of the metal in the resulting organoalkali com¬ 
pounds by hydrogen (p. 529).J Although doubtless a definite relation- 

* For the addition of metals to other unsaturated groups see reference 128 

(b) and Chapter 5. 

Zieider and Kleiner, Ann., 478, 57 (1929). Compare, however, Midgley and Henne, 
J. Am. Chtm. Sot-, >1. 1293 (1929). 

Houhen-Weyl, "Die Metboden der org;anMchen Cbemie,” Thieme, Leipzig (1924), 
Vol. IV. p. 966. 

Ziegler and Bftbr, Ber., 61, 263 (1928). 

Conant and Scherp, J. Am. Chem. Soc., 68, 1941 (1931). 

Schlenlr and Bergmann, (o) Ann., 468, 1 (1928); (6) Ann., 464, 22 (1928). Smith 
and Hoehn, J. Am. Chem. Soc., 68, 1184 (1941). 

fThe same reducUon products can be obtmned from the action of aluminum chloride 
and benzene on ethytenio compounds whieh eontsin one aromatic group on each ethylenic 
narbon atom. Alexander and Fuaon, J. Am. Chem, 8oe,, 68, 1746 (1936). 

2 CoixQ>are reference 61i also Carothers, J. Am. Chem. 8oc., 46, 2226 (1924); and 
Bffiefcel, “Theoretische Orondlagm der organiscben OhMnle,’’ Afcad. Verlags., Leipzig 
Vol. I, pp. 388-874. 
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ship exists between the addition of an alkali metal and reduction by 
metal combinations, it is probably not so simple as has been suggested, 
for in many cases the product of reduction by metal combinations is 
quite different from that obtained by metal addition and replacement. 
Thus styrene on reduction by metal combinations furnishes ethylben¬ 
zene, but on addition of alkali metal and subsequent replacement of 
the metal by hydrogen it furnishes 1,4-diphenylbutane. 

The addition of halogens to dien^ may give rise to 1,2- or 3,4- or 
1,4-addition products. In some cases mixtures of products are formed 
and in others the 1,2- and 1,4-products are in equilibrium with each 
other. These possibilities are illustrated by the following reactions. 

, CH 2 BrCHBrCH=CH 2 
CH2=CH—CH=CH2 -1- Br2 <( U 

^ CH2BrCH=CHCH2Br 

CH3CH=CH—CH=CHCIl3 + Brj ^ CH3CHBrCH=CHCHBrCH3 
C6H6CH=CH—CH=CHC6H6 + Bn C6H6CH=CHCHBrCHBrC6H6 


The halogen acids add to dimes and enynes. In the most carefully 
studied cases, those of the 2-halobutadienes and vinylacetylene, addition 
is always conjugate.^’” 

CH2==C—CH=CH2 -f- HX -♦ CH3C==CHCH2X 

1 1 

Cl(Br) Cl(Br) 

CH2=CH—feCH -h HX CH 2 X—CH=C=CH2 


With l-phenylbutadiene the reactions are not so clear cut, but the 
principal products are the result of 3,4-addition. * 


(a) Butadiene: Farmer, Lawrence, and Thorpe, J. Chem. Soc., 729 (1928); Muskat 
and Northrup, J. Am. Chem. Soc., 62, 4043 (1930). (6) Isoprene: Jones and Williams, 
J. Chem. Soc., 829 (1934). (c) 2.3-Dimethylbutadiene: Kondakow, J. prakt. Chem., 62, 
166 (1900). (d) 1,4-Dimethylbutadiene: Farmer, Lawrence, and Scott, J. Chem. Soc., 
610 (19.30). (e) 2 , 3 -Di-l-butylbutadiene: Backer, Rec. trav. chim., 68, 643 (1939). (/) 
1 , 1 , 4 , 4 -Tetramethylbutadiene: Pr6vo8t, Compl. rend., 184, 460 (1927). (g) 1-Phenyl- 
butadiene: Muskat and Huggins, J. Am. Chem. Soc., 61, 2496 (1929). (h) 2,3-Diphenyl- 
butadiene; Allen, Eliot, and Bell, Can. J. Research, 17B, 76 (1939). (i) 1,4-Diphenyl- 
butadiene: Straus, Ber., 42, 2867 (1909). 

Carothers,Williams, Collins, and Kirby, J.Am.Chem.Soc.,6i, 4203 (1931); Carothers, 
Berchet, and Collins, ibid., 64, 4066 (1932); Carothers, Collins, and Kirby, ibid., 66, 786 


(1033) 

• For information about the addition of halogen and halogen acids to a wider variety 
of dienes than can be considered here, the reader is referred to the foUowing articles: 
Farmer and collaborators, beginning with J. Chem. Soc., 1670 (1926); Muskat and col¬ 
laborators, Wnoi ng with J. Am. Chem. Soc., 61. 2496 (1929); Carothers and coUabo- 
rators. beginning with J. Am. Chem. Soc., 68, 4203 (1931); Kharasch and ocdlaborators, 
T nZ Chem. 1 393 (1936); 2, 489 (1937). Compare also Staudinger. Krw and SchUt, 
I 713 (1323) , «d Sita M.. W * UOTO. 

Muskat and Huggins, J, Am. Chem. Soe., 66,1239 (1934). 



67b 


ORGANIC CHEMISTRY 


CJI»CH=CHCHBrCH,Br 


C,H^H=CH—CH=CH. 


HX 


C»H,CH=CHCHOHCH,X 


CJI.CH=CH—CHXCH, 


The addition of hypohalogenous acids and alkyl hypohalites to dienes 
is 

Phosphorus pentachloride adds to a limited number of dienes and 
styrenes, the latter again behaving as if the ethylenic linkage were 
conjugated with the aromatic nucleus. The addition is alwa}^ to a 
terminally unsubstituted ethylenic linkage, and, since the addition 
products lose hydrogen chloride and are hydrolyzed to phosphinic acids, 
the over-all reaction is the replacement of an atom of hydrogen.*** 

C«H6CH==CH—CH=CHj + PCU -» C«H6CH=CH—CHClCHjPCl^ ^ 

C,H 6 CH=CH—CH=CHP03H2 

C»H,CH==CHs + PCU -» C.H6CHC1CH2PC14 ^ C6H6CH=CHPO»H2 


Among the nitrogenous addends to dienes should be mentioned the 
oxides of nitrogen and aromatic diazonium compounds. Oxides of 
nitrogen add 1,4 to 1,4-diphenylbutadiene, but both 1,2 and 1,4 to 2,3- 
diphenylbutadiene.*** 

C.HsCH=CH—CH=CHC.H6 -f- NjO* C.H6CH—CH=CH—CHCdlj 

I I 

NO* NO* 

In the reaction between diazonium compounds and butadiene, evidence 
is not available to decide between 1,2- and 1,4-addition.*** 


(N0,),C,H,N=N0H 

+ 

CH=-CH, 


(NO.)*C.H,N=NCH,CHOHCH=CH* 

or —♦ 

(NO,) ,C.H,N=NCH,CH==CHCH,OH 

H,0 + (NO,),C,H,N=NCH=CH—CH==CH, 


Hydrogen peroxide adds 1,4 to cyclopentadiene; simultaneously a 
tetrol resulting from the addition of two moles of peroxide is formed. “• 

*•* Abragam and Deux, Compt, rend., SO#, 286 (1937); Petrov, J. Oen. Ckem, {U 
8, 131 (1938) (C. A., St, 6369, 6370 (1938)]; rind., 10, 819 (1940) [C. A., 86, 2112 (1941)]. 
“*Bergmann and Bondi, Ber., 88, 1158 (1930); Ber., 04, 1466 (1931). 

*** Wieland and Stenil, Ber., 40, 4825 (1907); Ann., 800 , 299 (1908); Allan, EUot, and 
BtO, Can. J. Beeeareh, 17B, 76 (1989). 

> WMejrer, Iraohlielc, and ScUOMHr. Ber.. 47, 1741 (1914). 
u* MUm and Maloney. Am. Chem. Soo., 08 , 1841 (1940). 
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1,2-Diketones 

Conjugate addition is less frequently encountered with 1,2- or 
a-diketones than with other conjugated systems, for there are relatively 
few addends both parts of which will add to oxygen. Only hydrogen 
and the alkali metals add 1,4 to a-diketones. The reduction of benzil 
furnishes benzoin, apparently a result of 1,2-addition. Thiele, however, 
showed that this reduction was actually 1,4-addition of hydrogen 
followed by ketonization, for, by reducing the diketone in an acetylating 
medium, he was able to isolate the acetates of both stereoisomeric forms 
of the intermediate 1,4-addition product. 

C«H,C0C0C,H5 + II, + 2(CHaC0),0 -* C,H,C=CC,H5 -|- 2CH,CO,H 

CH,CO(!) (!)C0CH, 
rC.H,C=CC.H,1 

C,H.COCOCJI, -h H, -V jj(j) (j)jj \ CJIsCHOHCOCJI. 

Recently the ene-diol intermediates, themselves, have been isolated in 
analogous compounds.'” Those a-diketones which cannot enolize will 
add sodium in the 1,4-positions: the metallic derivatives thus formed 
can be acylated ivith acid chlorides.*’* 

CdljCOCGCJI. + 2Na - C.H,C=CC,H. > C,H.C=CCJ1. 

Na(*) (!)Na C,H,CO(!) (llCOC.H. 

1,2-Diketones are cleaved with alkaline hydrogen peroxide.*” The 
discoverers of this reaction suggested that it proceeded through the 1,4- 
addition of hydrogen peroxide as HO—OH, but later work indicates 
that the cleavage is a result of 1,2-addition of the reagent as H—OOH 
to a single carbonyl group.**’ 

The conjugated systems considered up to this point have, with the 
exception of the enynes, been made up of two or more similar unsaturated 
groups. The most frequently encountered and the most thoroughly 
studied conjugated systems, however, are those which contain two 
different unsaturated groups, and most of the remainder of this chapter 
is given over to the discussion of this kind of conjugated system. Nearly 
all substances containing a conjugated system which includes an oxygen 
atom show halochromism, the property of forming with strong acids 

Fuion and Cowe, tW., ®1, 976 (1939): Fuson, Corse, and MoKeevw, iWd., p. 2010; 
Tliompaon, i6id., p. 1281. 

‘X Kohler and Baltzly, ibid., 64, 4016 (1932); Bachmann, Und., 64, 903 (1934). 

Wrfti and Scheffer, £er., 54 , 2327 (1921). 

*** Bames and Lewis, J, Atu. Chem. Soc., 6S, 947 (1936). 
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colored saltlike products which are more or less readily decomposed by 
water. 

a, P-Unsaturated Aldehydes and Ketones 

Some reagents add 1,2 to the carbonyl group of a,/S-un8aturated 
aldehydes and ketones; others add 3,4 to the ethylenic linkage; still 
others add 1,4 to the conjugated sjrstem, and a final group of reagents 
adds both 1,2 to the carbonyl group and 1,4 to the conjugated system.* 
Organomagnesium halides fall into this last category. With the 
Grignard reagent the mechanism of 1,4-addition has been established 
and the effect of substituents on the mode of addition has been deter¬ 
mined. From the information available about the addition of the 
Grignard reagent, one can often predict whether other reagents will 
add and in what way they will add and one can draw reasonable infer¬ 
ences about the mechanism of addition. On account of the cardinal 
importance of the reactions between the Grignard reagent and a,/3-un- 
saturated carbonyl compounds these reactions will be considered first. 

«„5-Unsaturated aldehydes add the Grignard reagent 1,2 to the car¬ 
bonyl group; the only exceptions so far described are the 1,4-additions 
of fert.-butyl- and tcrt.-amylmagnesium halides to crotonaldehyde.^^^ 


RCH==CHC;^ + 




HX 


/H 


R'MgX RCH=CH—CHOH 

1 

R' 

H 


CH,CH==CHC/"" -t- (CHjjaCMgCl CHjCHCHjc/^ 

X) I ^0 

(CHalaC 


Unsaturated ketones furnish with the Grignard reagent saturated 
ketones or unsaturated alcohols or mixtures of both products. 

The formation of unsaturated alcohols is obviously the result of 1,2- 
addition to the carbonyl group; the formation of saturated ketones may 
be due dther to direct addition of the reagent to the ethylenic linkage 
(the reaction series 1) or to 1,4-addition of the reagent to the conjugated 
system followed by ketoniaation (the reaction series 2). 

* Acetylenic ketones Buob as benaoylpheDylacetylene, C(H(CC>CBCC«H{, add the 
same reagents, with few exceptions, as do the ethylenic ketones, and toe mode of addition 
is <^t«i similar, RsoenUy a,0-un8aturatod sulfones, CsHiCH«aCHSOtC«H $, have been 
'pMqpared and studied. They, too, toow many analogies with the ethylenio ketones. See 
Sohler and Potter. J. Am. Cfcom. Soc., »T, 1316 (1036). 

Stevens. J. Am. Chem. Soc., §7, 1112 (1036). 
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C,H. 

C«H6CH=C(C6H5)C0C6H6 + CdHsMgBr -+ (C 6 H 5 )*CHCCOC(iHj 


II 


MgBr 


HX 


HX 


(C«H5)2CHCH(C«H5)C0C«H* (1) 

IV 

(C6H,)2CHC(CeHs)=CC«Hs (CeH6)2CHC(C6HB)=CC«H6 -»• 

III I 

OMgBr X OH 

'O 2 

(C,H6)2CHCH(C6H5)C0C6H* (2) 


0 - 


-O 


(C,H6)2CHC(CeH6)CC6HB (C6H6)2CHCOC,H6 + C.HsCOjH 
V I 
OH 


The mechanism involving direct addition to the ethylenic linkage is 
improbable, for the Grignard reagent has never been observed to add to an 
ethylenic linkage that was not conjugated either with a carbonyl group 
or with a carbon-nitrogen double or triple linkage. Further, if direct 
addition were to take place, the magnesium halide derivative (II) with 
an unprotected carbonyl group should react with excess reagent to 
furnish a saturated tertiary alcohol. Positive proof that the formation 
of saturated ketones proceeds through 1,4-addition was presented by 
Kohler, who established the structures of the enolic 1,4-addition prod- 
ucts.*^® In the case of benzaldesoxybenzoin (I), the enol (III) is suffi¬ 
ciently stable to permit isolation, examination, and study of its conver¬ 
sion to the ketone (IV). The structure of the enol (III) is shown by the 
formation and decomposition of the peroxide (V). 

The effect of substituents on the mode of addition of the Grignard 
reagent to a,/3-un8aturated carbonyl compounds is shown by the data 
in Table III. It will be noted that as the activity of the carbonyl group 
decreases the amount of 1,4-addition increases. The mode of addition 
depends upon the number, kind, and positions of the substituents in the 
carbonyl compound and upon the group present in tlie Grignard 

'“Kohler, Am. Chem. J., 86, 181 (1906). See, also, Kohler, ibid., 87, 369 (1907); 
Kohler and Mydana, J. Am. Chem. Soc., 64, 4667 (1932); Kohler, Tishler, end Potter, 
tWd., 67, 2617 (1936); reference 142. An wirlier proof of addition, alao due to Kohler, 
Am. Chem. J., SI, 642 (1904), and Kohler and Johnstin, ibid., 68, 46 (1905), irfaioh was 
baaed on the replacement of —MgBr in the addition produet by reaction with benioyl 
chloride, is no longer conclusive, for this type of replacement has been found to be unre¬ 
liable. Kohler and Tishler, J. Am. Chem. Soc., 64, 1694 (1932), 



674 


objOanic chemistry 


reagent.^" Reaction medium and temperature usually have little effect. 
In the reaction between isophorone and methylmagnesium bromide, 
however, the addition of one mole per cent of cuprous chloride changes 
the course of the reaction from 90 per cent 1,2-addition to 7 per cent 
1,2- and 82 per cent 1,4-addition. 

TABLE III 


Substance 

Per Cent 1,4-Addition With 

1 

CeHfiMgBr • 

CaHsMgBr * 

C«H»CH—CHC^. 

0 

0 

C#H6CH=CHC0CH,. 

12 

60 

C<,H,CH=CH<DOCHsCH3. 

40 

71 

C»HsCH=CHCOCH(CH,)s. 

88 

100 

C*H&CH=CHCOC(CH3)a. 

100 

100 

C6HaCH=CHCX)C,®s . 

94 

99 

(<3*Hs)jC=CHCOC6H5 . 

0 

18 

CeH6CH==C(C6H6)COC6H6 . 

100 

100 

C«H,C(CHa)»«CHCOC.H6. 

. 1 

44 

41 


* The remainder ol the product is to be accounted for by 1,2'addition. 


The completely phenylated ketone, diphenylbenzalacetophenone, 
does not react with the Grignard reagent under ordinary conditions. 
The forced reaction, at higher temperatures, results in 1,4-addition 
involving a phenyl group.**’’ 


(C.H.)jO=C(C,H,) 



4- CtHtMgBr 


H C.H. 

(cai,).c=C(c.H,)c— 


i: 


MgBr 


If addition involving the phenyl nucleus is blocked by the use of a 
mesityl group, the usual type of 1,4-addition results on forcing the 
reaction.*** 

Smith and Hanaoo, /. Am. Chem. Soc., #7, 1320 (1030); CIol<mgOi RuB. toe. cAim., 
ma, 754 (1936). 

“»miara«oh and Tawwy, /. Am. CKm. Sod., 6S, 2808 (1941). 

M* Kdbier, Am. Chem. J., SS, 511 (1907). 

W Seller and Hygaard, J. Am. Soc., SS, 4128 (1930). 

IMKoUer and BarneB. Oid., U, 090 (1033). 
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Similar l,4-addition8 involving a cyclic double bond are found in 
polynuclear ketones. Benzanthrone and naphthacenequinone add 
certain Grignard reagents in the l,4-position.“’ With the quinone the 
primary product, a tetrahydroaromatic derivative, can be isolated. 



The behavior of a variety of phenylmetallic compounds toward 
benzalacetophenone has been investigated.*^* As the reactivity of these 
phenylmetallic compounds decreases, the amount of 1,4-addition 
increases. The very reactive compounds, diphenylcalcium and phenyl- 
potassium, give 1,2-addition only. With a,/8-unsaturated aldehydes and 
ketones the organozinc compounds furnish products similar to those 
obtained with the Grignard reagent.**® 

The information about the addition of organomagnesium halides to 
Oj^unsaturated carbonyl compounds being available, the other reactions 
of these unsaturated compounds may now be discussed. Whenever 
possible, cinnamic aldehyde, CeH6CH=CHCHO, and benzalaceto¬ 
phenone, CaHsCH==CHCOCaH6, will be used to illustrate these 
reactions. 

Considering first the reactions of the ethylenic linkage, it is to be 
noted that the halogens add to that linkage in the usual manner. 


H 


C«H5CH==CHC^ + Cl, 


CeHsCHClCHClC 



CeH6CH==CHCOC,H5 + Br, CeH^CHBrCHBrCOCiBs 


Most oxidizing agents convert cinnamic aldehyde to benzoic acid. 

Allen and Overbaugh, ibid., ®T, 740, 1322 (1936); Allen and Oilman, ibid., 68,937 
(1036); Allen and Bell, ibid., 88, 2408 (1940). 

Oilman and Kirby, ibid., 63, 2046 (1941). 

*** Kobler and Heritage, Am. Chem. J ., 43, 476 (1910). 
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Atmospheric oxygen or silver oxide, however, furnishes cinnamic acid. 
Oaone gives benzaldehyde, benzoic acid, and a polymer of glyoxal.“® 
Benzalacetophenone is oxidized to benzoic acid by most oxidants, 
including ozone, but nitric acid oxidation furnishes some benzoylformic 
acid.*“ Perbenzoic acid, which forms epoxides with isolated ethylenic 
linkages,* rarely attacks a,(3-unsaturated carbonyl compounds, while 
alkaline hydrogen peroxide and sodium peroxide, which are without 
effect on isolated ethylenic linkages, form epoxides with a,^-unsaturated 
ketones.“® 

C*H»CH==CHC0C,^5 + HOOH C«H5CHCHCOC«H6 + HjO 

\ / 

0 

The halogen acids do not add to all a,/3-unsaturated carbonyl com¬ 
pounds. Where addition does take place, usually a single product is 
formed and in this product the halogen is attached to the ;8-carbon 
atom; see, however, phenylpropiolic acid, p. 682. The mechanism of 
addition is in all probability 1,4 with hydrogen adding to oxygen, 
followed by ketonization. 

CH,aCH=CC,H,1 - CHi,ClCH,COC^, 

(!)H J 

CJI|CH=CHCOC,H, -I- HCl -* C,^,CHC1CH,C0C.H5 
CJI.CH=C(CdI,)COC,H. + HCl -» C,H.CHClCH(C.Hi)COC,H6 

In the presence of aluminum chloride or sulfuric acid, benzene adds 
reversibly to a,i8-unsaturated ketones.^* The addend appears on the 
ethylenic carbon atoms. The mechanism is not clear. 

Hydrogen and diphenylketene add both to isolated ethylenic link¬ 
ages and to carbonyl groups. When these two types of double bonds 
are conjugated, hydrogen may be added catalytically or by the use of 
metal combinations. By either method, a,/3-unsaturated aldehydes give 
saturated aldehydes, unsaturated alcohols, and saturated alcohols. 
Only rarely is bimolecular reduction of an imsaturated aldehyde en¬ 
countered. Selective reduction of the carbonyl group to yield an 
unsaturated alcohol is accomplished by catalytic reduction with a 
promoter such as ferric chloride,*® or by means of an aluminum alkoxide 
and an alcohol.** 

*•* Harries and Temme, Ber., 40, 169 (1907). 

>»Claiien and ClaparOde, Ber., 14, 2405 (1881). 

***Kolder, Am. Chem. J., 81, 642 (1904); Vorlinder and Friedberg, Ber^ 50, 1144 
aOSS); Eaton, Black, and Fuaon, J. Am. Chvm. Soc., U, 687 (1934). 

<^44*i|grnuen, Stene, and Samudzen, Ann.. 548,137 (1940). 


CH,==CHC(X:.H, -I- HCl 



UNSATURATION AND CONJUGATION 


677 


H 


CJEItCH=CHC/ + H 
^O 


C JI.CH=CHCHjOH ^ 
CJI.CHtCHjCHO 1 


H, 


C,JI,CH,CH,CH^H 


Unsaturated ketones can be reduced to satiu’ated ketones by catalytic 
hydrogenation or to unsaturated alcohols by means of aluminum 
isopropoxide.^®* Reduction by means of metal combinations, however, 
leads primarily to bimolecular products.The mechanism of the 
reduction to saturated ketones by catal 3 dic hydrogen has been shown 
to be probably 1,4-addition; the corresponding reduction by metal 
combinations is definitely l,4-addition.“* In all likelihood the formation 
of the bimolecular products involves addition of hydrogen to oxygen 
followed by dimerization in the 4-position. 

C,H6CHCH2COC«Hs 
2C6H6CH=CHCOCoH 6 -b Hi | 

CtHtCHCHiCOCsHs 


Diphenylketene adds both 1,2 and 1,4 to benzalacetophenone, giving 
a mixture of /3- and 5-lactones.‘” 

COI. 

CdIjCH=CH—d)—O 

(CeH,)s(!>~(!>==0 

CJI.CH==CHCOC.H. + (C JI,)tC==0=0 — -f- 

CJI,CHCH=CC,H5 

(c jH *) adj—c—d) 


Of the reactions characteristic of the carbonyl group the addition of 
sodium bisulfite to unsaturated aldehydes and ketones may be considered 
first. Cinnamic aldehyde forms a bisulfite addition product just as 
other aldehydes do, but on prolonged treatment with the reagent the 
salt of a disulfonic acid is obtained. The explanation for this behavior 
is the following: the 1,2-addition of bisulfite to the carbonyl group to 
yield [A] is rapid and reversible, whereas the formation of the sulfonic 
acid through 1,4-addition is slow and irreversible. As a result the 
bisulfite addition product initially formed gradually disappears as the 
disulfonic acid accumulates. 


««< ArcuB and Kenyon, /. Chem. Soe,, 608 (1938). 

Conant and Cutter, J. Am. Chem. Soc,, 48, 1020 (1026); Harries and HObner, 
Ann., W6, 296 (1897). 

lift Kohler and Thompson, J. Am. Chem. Soc.^ 80, 887 (1037) • 

Staudin^r, “Dio Ketene,” Knlce, Stuttgart (1912), p. 64. 
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C.H,CH»=CHO^OH 5=i C^H<CH-=CHC/ + NaHSO, -» C.HsCHCHiC/ 

I 1 V) 

SOJ^a to,Na 


[AI 


||,N»H80, 

C,H,CHCH,C^OH 
',Na io,Na 


Sodium bisulfite does not add readily to ethyleiuc linkages, and the 
addition always requires the presence of oxygen or peroxides. Sodium 
bisulfite rarely adds to saturated ketones unless they are methyl ketones. 
This reagent does, however, add to many a,/3-unsaturated ketones, 
acids, and esters. 

C«H6CH=CHC0C«H5 + NaHSO, C«HsCHCH 2 COC 8 H 5 

I 

SO,Na 

Hydrogen cyanide adds 1,2 to the carbonyl group of a,/S-unsaturated 
aldehydes; with the corresponding ketones, however, hydrogen cyanide 
furnishes y-ketonic nitriles, presumably as a result of l,4-addition.'‘* 

C#H6CH=CHc/ + HCN C6H6CH=CHC—OH 

^0 i 

CN 

C»H,CH=CHC0CeH8 + HCN ^ C.HsCHCHjCOC.H, 

I 

CN 


The behavior of carbonyl reagents, such as hydrazine, phenylhy- 
drazine, semicarbazide, and hydroxylamine, toward a,j3-unsaturated 
aldehydes and ketones depends upon the conditions under which the 
reactions are carried out, as well as upon the substituents present in the 
carbonyl compound. In an acidic medium these reagents usually form 
hydrazones, phenylhydrazones, semicarbazones, and oximes. In an 
alkaline medium the re^tions are much more complex, and products 
have been obtained corresponding to reactions both with the ethylenic 
linkage and the carbonyl group. Secondary products, due to reactions 
involving active hydrogen atmns in the primary addition products and 
to oxidation-reduction reactions, are also formed. An extreme example 
is benzalacetophenone, which furnishes the following six different prod- 
on treatment with hydroxylamine and alkali.*** 

«• Micliacl, J. Am. Chem. Soc., 99, 744 (IMT). 

^Eteok, Disaertatioa, LeiiHsic <ld03); Auwers and MtUler, /. jiroW. Chtm,, IfT, 67 
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CdHjCCHjCOCjHs CdHdCHCHsCCdHj CdHsCCHsCCdHs 


NOH NHOHNOH NOHNOH 

CdHdCHCHjCCsHs C.H6C=CHCCeHs CeHsCHCHsCOC.H, 


0-N 0-N NOH 

CeHsCHCHjOOCaHt 

With methoxyamine instead of hydroxylamine, secondary reactions do 
not take place and the products are those resulting from addition to the 
ethylenic linkage, presumably through a 1,4-addition.^®® 

With a,/3-unsaturated carbonyl compounds, ammonia and amines 
furnish products corresponding to addition to the ethylenic linkage. 
As in the reactions just described, complications may result from 
secondary reactions due to the active hydrogen atoms in the primary 
addition products. 

(CH3)2C=CHC0CH3 + NHs ->• (CHjjjCCHsCOCH, 


NHj 

Malonic, cyanoacetic, and acetoacetic esters, aliphatic nitro com¬ 
pounds, desoxybenzoin, and a host of other substances containing 
hydrogen atoms activated by adjacence to an unsaturated group, will 
react reversibly with a,/3-unsaturated carbonyl compounds in the pres¬ 
ence of a small amount of alkali.*®* With a,/3-unsaturated aldehydes 
1,2-addition to the carbonyl group takes place; the reaction is analogous 
to the aldolization reactions of simple aldehydes. 

C,H3CH=CHC^^-|- CHjCCOjCJHj), ?iC,H,CH=CHCH==C(CO,C,H3), + HjO 
X) 

With unsaturated ketones reaction does not always take place. A con¬ 
venient generalization is that these reagents add when the Grignard 
reagent adds 1,4. The reagent adds as H and A, and A always appears 
attached to the /9-carbon atom.*®® 

C*H6CH=CHC0C3H6 -b CH3(C02C2H6)2 CeHjCHCHjCOCsHs 


CH(C02C2H6)2 

It is important to use only a small amount of alkali to prevent 
reversal of the addition and to avoid secondary reactions."* Thus, in 

*•• Blatt, J. Am. Chem. Soc., 61, 3494 (1939). 

Connor nnd MoCloUnn, J . Org. Ghom,, 3, 670 (1939). 

“• Variander, Ann., SM, 66 (1903). 

Kohler and P. Allen, J. Am. Chem. 8oe., 45, 1987 (1923); MkihMi and Rose, ibid. 
n, 4698 (1930): 68, 1632 (1933); Connor, 86 , 2713 (1934). 
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the presence of a small amount of alkali, oyanoaoetic ester adds to 
benzalacetone, but with one equivalent of alkali the primary addition 
product is cyclized. 

C»HsCH=CHCOCH, + NCCHjCOjCHg ^ 

CeHsCHCHiCOCHs -+ CeHsCHCHjCOCHa 

I I 1 

NCCHCOjCH, NCCH-C=0 

Frequently the primary addition product adds to a second molecule of 
ketone to form a “trimolecular” product. Reversal of the addition 
reaction does not always lead to the original products: the reaction 
between diethyl methylmalonate and benzalacetophenone using a mole 
of alcoholate furnishes ethyl benzoylacetate and ethyl a-methyl-cin- 
namate.'** In this connection comparison should be made with the 
addition of malonic esters to a,/3-unsaturated esters described on p. 682. 

CJI.CH=CHCOCai. C.H.CHCH,COC,Hi C.HbCOCHiCOjCjH, 

+ -» I — + 

CH,CH(CO,C,H.), (CH3)C(CO,CaHB), C.HbCH=C(CH,)C02CsH, 


Thiophenol‘“ and sulfinic acids*®* add 1,4 to unsaturated ketones as 
H and A, the hydrogen appearing on the a-carbon atom in the addition 
product. 

C»H»CH=CHCOC«H, + CH,C6H4S08H -4 CsHsCHCHsCOCjHj 

CHsCeHiSOs 


The reactions of a,/3-unsaturated ketones with phosphorus pentar 
chloride and trichloride are difficult to classify. The pentachloride 
furnishes phosphorus oxychloride and oxygen-free unsaturated com¬ 
pounds containing chlorine.*** The mechanism may be 1,2- or 1,4-addi- 
tion. The product [B] obtained from benzalacetophenone corresponds 
to 1,4-addition, but a 1,2-addition product [A] would contain a system 
that is known to rearrange easily, and 1,2-addition followed by rear¬ 
rangement would also furnish [B]. 


C JI.CH=.CHCOC.Hi + PCI, 


\l 


r Cl opci,-] 

CJI,CH=ckc^JI, J 


POCl,-f CJI.CH==CHCC1,CJH, [A] 
OPCU 1 

,CJH.CHC1CH=<!)CJI.J -4 
POCl, + C,H,CHClCH==C(Cl)Cja, [B] 


*** Holden and l^pwortii, J. Chem. Soe^ 236S (1031). 

»*»PoBB8r, Ber., 87, 602 (1904); Rulwmann, J. Chm. Soe^ #7, 17, 461 (1906). 
m TSMet and Reiiner, Am. Chem. tl, 168 (1904). 

StMua, Ann., S»8. 236 {1012>; Conaid, J. Am. Ckem. 8oc.. 6i, 1002 (1940). 
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In the reversible addition of phosphorus and organophosphorus halides, 
the addend does not dissociate; instead the phosphorus undergoes an 
increase in valence and cyclic products result.'®* 

CeH6CH==CHCOC6H6 + C.HsPCh 7 =^ C6H6CHCH=CC«Hs 

i I 

C.HsPCCh)—0 

In the reaction between diazonium salts and some o:,/3-unsaturated 
carbonyl compounds, nitrogen is eliminated and an a-hydrogen atom 
is replaced by an aryl group.'®* 


C«HbCH=CHC 

^0 


+ CIC 6 H 4 N 2 CI C#HbCH==CO=0 + N 2 + HCl 

I 

C.HiCl 


a,p-TJnsaturated Acids and Esters 

Simple a,j3-ethylenic and acetylenic acids, their derivatives and 
substitution products, closely resemble the corresponding unsaturated 
ketones in their chemical behavior. Many of the HA reagents which 
add to unsaturated carbonyl compounds add to the acids unless there is 
interference from the acidic hydrogen atom. The mode of addition can 
often be predicted fairly closely by analogy with the corresponding 
ketones. 


C*HbCH==CHC02R + CH2(C02R)j CeHsCHCHjCOjR 

I 

CH(C02R)2 

HX 

C»H»CH=CHC02CH3 + CH,MgI —^ 

C,H6CH=CHC(0H)(CH3)2 [1,2-addition] 

HX 

C8HbCH=CHC02CH3 + C.HsMgBr -)• 

(C 6 H 6 ) 2 CHCH 2 COCbHs [1,2- then 1,4-addition]'™ 
HX 

CsHiCH^CCCsHtlCOaCHs -t- CH3MgI ->• 

C,HbCH==C(C*H 6)C(OH)(CH8), [l,2.addition] 


CeH*CH=C(CBHs)C02CH3 + CBRsHgEr 


HX 


(CbHb),CHCH(CbHs)CO,CH, [1,4-addition] 


M» Conant, J. Am. Chem. Soc., 4S, 1706 (1921). 

>" M««rwein, Baohnar, and van Emster, /. prakt. Chem., U>, 237 <1930). 
Kohler and Heritage, Am. Chem. J n 68, 21 (1906). 

Kohler and Heritage, ibid., M, 163 (1905). 
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A striking exception is furnished by phenylpropiolic acid, which adds 
hydrogen bromide to furnish o-bromocinnamic or /3-bromocinnamic 
acid, depending upon the solvent.^” 

In the addition of malonic esters to a,(8-unsaturated esters complica¬ 
tions result when one mole of alkoxide is used to bring about the reaction. 
When methylmalonic ester adds to crotonic ester in the presence of a 
small amount of alkoxide the normal addition product [A] results; with 
a mole of alkoxide the rearranged product [B] is obtained. 

CH,CHCHiCO*R 

iNaOR/CH»C(C08R), 


CH8CH=CHC02R 

+ 

CH,CH(COjR)2 


CHs 


INaOR \ 1 

^ CHsCHCHCOjR 


CH(COaR)j 

Alternative explanations of this type of rearrangement have been 
advanced by Michael and by Lapworth,*“ but at present evidence 
for a decision between these explanations is lacking.^” 

Hydrogen cyanide adds to esters of a:,/9-unsaturated aliphatic acids 
and to ethyl cinnamate. The primary addition products have rarely been 
isolated;^’’" on hydrolysis they furnish substituted succinic acids.”® 
Hydrogen cyanide adds to unsaturated malonic esters in alkaline solu¬ 
tion, and addition is accompanied by hydrolysis and loss of carbon 
dioxide.*®*” 

C«H»CH=C(COjR), CeH8CHCH2CO»H 


CN 

Aliphatic diazo compounds add to a,/8-un8aturated esters. The 
reactions are useful in the synthesis of pyrazolines, pyrazoles, and 
cyclopropanes. 

RCH=CHCO,CH, + CH 2 N 2 RCH-CHCOjCHa *« 


CH NH 

Michael and Shadinger, J. Org. Chem., 4, 128 (1939). 

(a) Bredtand EaUen, Azm., S9S, 342 (1896); Higginbotliain and Lapworth, J. Chem. 
Soo., 131, 49 (1922); Famer, Ohosal, and Eon, J. Chmm. Soe., 1804 (1938); Michael, J. 
Org. Chem., 3 , 303 (1037); Gardnot and Rydon, J, Chtm. Soo., 42 (1938). 

*” Betiunann and Burkard, Rer„ SS, 3600. 31^ 3607 (1900); Auwen and Uagemach, 
1205 (1933). 
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CHi=CHC 02 C 2 H 6 + N2CHCO2C2H6 -> CH2—CHCO2CSH6 

I i 

HtCjOsCCH N 

\n/ 

Aromatic diazonium salts react with a;,j3-unsaturated esters. Nitrogen 
is eliminated, and addition as Aryl — X takes place, the aryl group 
adding to the a-carbon atom. With acetylenic acids a parallel reaction 
takes place, while with ethylenic acids the aryl group replaces an 
a-hydrogen atom and carbon dioxide is lost to furnish stilbenes.**® 

Using the a,/3-unsaturated acids it is possible by studjdng the rates 
of esterification to show that conjugation of a carboxyl group with an 
ethylenic linkage decreases the reactivity of the carboxyl group. Thus, 
for esterification under comparable conditions, the following results 
are available.*'^* 

CH3CH2CH=CHC02H k = 1.5 C«H6CH=CHC02H k = 0.937 

CH3CH=CHCH2C02H k = 74.0 CtHsCHsCHjCOsH k = 47.3 


Similarly the effect of conjugation with a carboxyl group on the reactivity 
of an ethylenic linkage can be established by the determination of the 
rates of addition of bromine to unsaturated acids. Determination of 


these rates shows that the rate of bromine addition to an ethylenic link¬ 
age conjugated with a carboxyl group is much slower than to an isolated 
ethylenic linkage. 

TABLE IV 


Substance 


CH3CH=CHC02H 

CH3CH2CH=CHC02H 

CH3CH=CHCH2C02H 


Brominb Addition 
k 16° 

4.7 X 10-« 

3.3 X 10-« 
10.0 


The addition of hypochlorous acid to ethylenic double bonds is also 
much retarded if the bonds are conjugated with a carboxyl group and 
the nature of the products is influenced by the proximity of the ethylenic 
linkage to the carboxyl group.*’® The acids CH3CH==CHCH2CH2C02H 
and CH 3 CH 2 CH==CHCH 2 C 02 H add hypochlorous acid readily 
and give mixtures of the two possible products, while the acid 

Buchner and oo-workere, Ann., >73, 214 (1893); Auwers and TJngemaoh, B«r., M, 
1198 (1933). 

Budborou^ and Gittina, J . Chtm, Bee., 93, 316 (1909). 
m gudboroush and Thomaa, tbid., 97, 716, 2451 (1910). 

>”Bloomfldd and Farmer, ibid., 2062, 2072 (1932); Bloomfield, Fbnaer, and Hoea 
ibid., 800 (1933); Farmer and Hoae, ibid., 962 (1933). See, also, refere&ce 38. 
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CH 8 CH 2 CH 2 CH=CHC 02 H combines with the same addend very 
slowly and gives only one product. 

CH,CHjCH,CHOHCHClCOiH 

Such unidirectional addition of hypochlorous acid to a,|9-unsaturated 
acids does not always take place, as the following data show, for this 
reagent is not of the HA type where H necessarily enters the molecule 
via oxygftn. 

TABLE V 

Peb Cent Product with OH 

SUBSTAKCE ON ^-CaRBON AtOM* 


CHaCH=CHCOjH 

74 

CH*=C(CH3)C02H 

10 

CHjCH==C(CH3)COjH 

38 

C6H6CH==CHC02H 

100 

C«HiCH=C(CH3)CX)2H 

100 


* BAlanoe of product hat OH on a^oarbon atom. 


In the discussion of a,/3-unaaturated acids frequent references to and 
comparison with / 3 , 7 -imsaturated acids have been made.* The P,y- 
unsaturated acids illustrate a very general tendency of j3,7-unsaturated 
systems to rearrange to conjugated o,/3-unsaturated systems which are 
usually more stable. 

C,HsCH=CHCHjC02H C6H6CHsCH=CHC02H 

ICOH 

d, 7 -Unsaturated acids often show a tendency to form isomeric saturated 
lactones by intramolecular addition. Since this reaction is not reversible 
it will go to completion, and an a,^-acid may isomerize first to the 
d, 7 -acid and then cyclize. 7 , 5 -Unsaturated acids form lactones and 
cyclic ketones.*’* 

When the unsaturation in the j 8 , 7 -po 8 ition is a carbonyl group, keto- 
enol tautomerism occurs. 

CH,CCHsCOjC,H5 ^ CH,O=CHC02CsH* 

11 1 

O OH 

The factors affecting the stability of a,/3- and /3,7-isomerides have been 
extensively investigated,*** but, beyond noting that tautomerism is 

* The ^utacmio acids, HOj(XJHil.;ll=<!HCOjH, combine both a,fi and 0,y unaat- 
Uration, and the chemistry of these adds and their derivatives has presented naany prob- 
iams of unusual intMreat. Though oom^x, the reactions of the glutaoonic adds'Can be 
aatisfactorily accounted for by the simultaneous occurrence of geometrical Ismnerism 
mad l,3-rearrangem<mt8, Kim and Nanji, /. Chem. Soe^ 2426 (1832); a dstaUed discusnon 
^ these reactions is beyond the mopa of this ch^ter. 

»»• Hattner and Pfau, Krf*. CMm. Acta, 16, 1474 (1837). 

^ Baker, “Tsutomerion,” BouUedge and Sons, London (1884). 
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eseentially an interconversion of a,fi- and ; 8 , 7 -unsaturated B 3 ^teins, it 
will not be discussed in this chapter. 

A comparison between the reactivities of two conjugated systems, 
in one of which an ethylenic linkage is conjugated with a carbonyl group 
while in the other the ethylenic linkage is conjugated with a carbalkoxy 
group, is possible using /3-benzoylacryIic ester. With this compound HA 
reagents add to the conjugated system containing the carbonyl group.^*^ 

C(iH 5 COCH=CHCOsC 2 H 6 + CH3NO2 C6H6COCH2CHCO2C2H6 

I 

CH2NO2 

The Diene Synthesis 


The diene synthesis consists of the 1,4-addition to a conjugated diene 
of an ethylenic compound in which the ethylenic linkage usually is, but 
need not be, part of a conjugated system. Isolated examples of the 
diene synthesis have been known for over fifty years,but the reaction 
was first recognized by Euler and Josephson and has since been 
extensively developtid by Diels and Alder.*“ 

A simple example of a diene synthesis is the addition of acrolein to 
butadiene. 


CH CHj 

I + II 

CH CHCHO 

^CH2 


CH2 
/ \ 


CH CHj 


CH CHCHO 

\ / 

CH2 


It will be noticed that 1,4-addition has taken place, that the addend has 
not split, and that a cyclic compound has been formed. The more use¬ 
ful addends have been a,/3-unsaturated compounds such as maleic 
anhydride, acrolein, acetylene dicarboxylic ester, and the quinones, but 
conjugated dienes can serve as addends (the dimerization of isoprene),‘“ 
as can ethylene itself and simple ethylenic compounds such as vinyl 
acetate and allyl chloride, in which the ethylenic linkage is activated by 
adjacence to a polar group.'** 

Only 1 , 4 -addition takes place in the diene synthesis even though the 
1 - and 6 -positions are available. 

“‘Kohler’and Engelbrecht, J. Am. Chem. Soc., 41, 764 (1919). 

'“Tilden, J. Chem. Soc., 45, 410 (1884). 

“» Euler and Joeephaon, Ber., 68, 822 (1920). 

Diele and Alder, Ann., 460, 98 (1928), and numerous later articlea; also Adame and 
Gold, J. Am. Chem. Soc., 6», 66 (1940); Allen, Bell, BoU, and Van Allan, ibid., 656. 

“• Alder and Rickert, Ann., 643, 1 (1939). Ketenee, however, do not enter into the 
diene eyntheeia; Smith, Agre, Leekley, and Prichard, J. Am. Chem. Soc., 61, 7 (1939),- 
Joshel and Buts, thid., 63, 3351 (1941). 
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C.H»CH=-=CH—CH C»H6CH=CH—CH 

t( >• V 


■ II 

CHCO 

/ \ 

CH 


\ 

CH CHCO 

1 + 


0 ^ 

II 1 >0 

CH 


/ 

CH CHCO 

II 

CHCO 

\ / 

C«H6CH 



CH 




1 

CsHj 


Polyenes add one mole of maleic anhydride for each independent con¬ 
jugated system; thus, diphenyldodecahexaene adds three moles of the 
anhydride.™ 

The diene synthesis is applicable to cyclic dienes, some furans, and 
coumalin.* When the diene is cyclic, bridged ring products result. 
Endoethylenic bridges, such as that in [A], are eliminated as ethylenic 
hydrocarbons on heating, and since the hydrogen atoms marked with 
asterisks are easily removed by oridation, it is possible to convert the 


CH 


CH 


I CHj + 
CH 
\ 


CH 


CH* 

II 

CHCHO 


/ 

CH 

II 

CH 

\ 


CH 

\ 

CH* 

chjI 

CHCHO 

/ 

CH 


CH Ji, CH 

/ \ \ 

CH CHj CH C CH 

I I + (I II I 

CH CH* CH C CH 

\ / \c/ \ ^ 

CH u CH 


0 


CH 


CH 


/ \ /^\ / \ 

CH CH* C CH 

CH*| 

I 

CH* 

CH CH* C CH 

\./ \c/ 


CH 


CH 



^ Ktim and Wflgner-Jautegg, Btr., tt* 2&62 (1930). 

* nitrogen compwnde but in a di0erent manner. 
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addition products to aromatic compounds. When the structures of the 
aromatic compounds are known it is possible to work back to the struc¬ 
ture of the diene. Carbonyl bridges, such as that in [B], are lost as 
carbon monoxide on heating, and the resulting dihydrobenzenes are 
easily dehydrogenated.^ 


C«H5C==CC«H6 

\ CHCOjCHj 

C=0 -H II ^ 

/ CHCO 2 CH 3 

C«HsC=CC,H6 

C.Hs 

[ 

/?\ 

CeHsC CHCOiCHj 

II CO 1 

CtHiC I CHCOjCHs 

I 

CjHs 

IB) 


C.Hs 

I 

/S 

CsHbC CCO2CH3 -t- CO 

11 1 

C.HsC CCO2CH3 -t- H2 

\c/ 

1 

C«Hb 


The diene synthesis always proceeds stereoselectively, to give polycyclic 
compounds with cis configurations at the ring junctions.^* 

Diene additions make possible the synthesis of many otherwise 
inaccessible or difficultly accessible products, and they have been much 
used for proving structures and establishing the presence of conjugated 
systems. However, since it has been found that not all conjugated 
systems will enter into diene syntheses, the reaction is of diagnostic 
value only when it is positive.'** 


Conjugation of an Ethylenic Linkage with a Nitrile or Nitro Group 

In this brief section will be mentioned certain reactions of systems 
in which an ethylenic linkage is conjugated with some group other than 
those which have heretofore been discussed. The section is short as the 
purpose is less to describe new types of conjugation than to show that 
these new types exhibit the typical behavior of the conjugated systems 
which have already been considered. 

The a,d-unsaturated nitriles undergo both 1,2- and 1,4-addition; 

Allen and Sheps, Con. J. Reieareh, 11, 171 (1934). 

Buta, Bula, and Oaddia, J. Org. Chem., #, 171 (1940). 

“• Berchet and Carothers, J. Am. Chan. Soc., B6, 2004 (1933) i CoSmani and Carothera, 
ibid., B8. 2043 (1933). 
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the factors influencing the mode of addition are similar to those dis¬ 
cussed in connection with the a,d-unsaturated ketones. 

C»H*CH=CHCsN + CH*{COsR)* CeH.CHCHsCN 

I 

CH(CO»R)* 

C8HsCH=CHC^N -1- C,HsMgBr 

C«H8CH=CHC=NMgBr C«H8CH=CHCO 

I MX I 

OtHs CgHs 


C«H6CH=C(C6Hs)CfeN + CeHsMgBr -+ 

C«HsCH=C(C*H 5 )C=NMgBr C#H5CH=C(C«H6)COC«H6 


(C,H6)8CHC(C6H6)=C=NMgBr (C,H6)2CHCH(C«H6)C=N 

The a,/5-unsaturated nitro compounds behave in the main like 
ketones, but their reactions are more complex. 

C,H5CH==C(C.Hs)N0j + H 2 -> C6H6CHjC==NOH 

I 

C«H6 


2C6HsCH=CHN02 + Hj CjH6CHCH2N02 


CsHsCHCHjNOj 

With the Grignard reagent and substituted a,/3-unsaturated nitro com¬ 
pounds, only 1,4-addition is obtained.*” 


C8 HsCH=C(C«H6 )N02 


C^M,Br^ (C*H6)2CHC(C,H6)=N<f^ 

HX 


(C»Hs)2C=C(C*H8)N02 


CHjMgl 

- > 

HX 


(CsH6)2C(CHa)C(C«H6)=N< 


•H 


Conjugate addition to a carbon-nitrogen double bond and a double 
bond of a phenyl group (p. 506) has also been observed in the reaction 
between phenylmagnesium bromide and benzophenone-anil.*** 



C,H.C—N< 




MgBr 


4- CtHtMgBr 



»• Kdiler, Am. Chem. J., SS, 886 (WOe). 

W %Met and Stone, J. Am. Chtm. Boc., M. 761 (1930). 
n* CHInian, Kirby, and Kinney, ibid., 81, 2262 (1929). 


CJItCHNHCJI. 
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Crossed Conjugated Systems 

Three or more conjugated double bonds which are not arranged in 
a continuous chain form what is known as a crossed conjugated system. 

6 5 3 2 1 

Examples are furnished by the pentadieneones, 0=C—C—C=C, 

6 6 2 1 0 ^ 

the branched-chained acids, C=C—C==C, and the para-quinones, 

H0C=0 

4 3 4 3 

CH=CH 

65/ \2 1 

0==C<f /O=0. The more important crossed conjugated systems 

CH=CH 

4' 3' 

contain oxygen, and it will be noticed that they can be considered as 
being made up of two or more separate conjugated systems with one 
or more atoms in common. 

The pentadieneones have been the subject of many investigations, 
as a result of which it is known that they show most of the character¬ 
istic reactions of the simpler a,^-unsaturated ketones. Halogen adds 
to the ethylenic linkages, and two moles of halogen may be added to 
pentadieneones. In general, however, it is more difficult to add the 
second mole than the first mole of a reagent to a pentadieneone, even 
though the product of addition of one mole still contains a conjugated 
system. 

The Grignard reagent adds 1,4 to the conjugated system, C=C—C, 

II 

O 

in a pentadieneone,*®* even though an excess of the reagent is used, 
only one mole adds at a time. 

C»HiCH==CHCOCH=CHCiiH, + C«H4MgBr -► (C«Hs)sCHCH=CCH==CHC«H« 

6MgBr 

(CeH6),CHCH,CXK:H=CHC,H, 

[B1 

The reaction leading to the singly unsaturated ketone [B] affords strik¬ 
ing evidence for 1,4-addition and against direct addition to the ethylenic 
linkage. A second mole of the Grignard reagent can be added but only 
after the conjugated system 0=0—0=0 has been regenerated by 

Kohler, Am. Chem. J., 37, 369 (1907); 88, fill (1907); Woodward. Borcberdt, and 
Fueon, J. Am. Chem. Soc., M, 2103 (1934). 
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acidification of the magnesium derivative [A] and fonnation of the 
ketone [B]. 

(C*Hs)jCHCH 2COCH=CHC«H* + CoHjMgBr^ 

(CeH.)2CHCH2COCH2CH(C«H6), 


The mode of addition to pentadieneones of substances having hydro¬ 
gen atoms activated by adjacence to unsaturated groups is similar to 
the mode of addition of these same reagents to singly a,/3-unsaturated 
ketones. The ease of addition is affected by minor variations in the 
structures of the ketone or the addend, and the addition products often 
react further to furnish cyclic compounds. From dibenzalacetone and 
malonic ester, each of the three possible products has been isolated; the 
cyclic ester is the result of an intramolecular addition process which is 
perfectly analogous to the intermolecular addition of a substituted 
malonic ester to an a,/3-unsaturated ketone.'** 


CJI,CH=CHCOCH=CHC.H.+CH,(CO.CH,), C.H.CHCH,COCH=CHCeH5 

(! 3 H(C 0 ,CH,)» 
it 
0 

i 

CH, ^CH, 

<!;hc,Hj 



CJI.CHCH,COCH,CHC.H. CH,(CO,CH.). 

CH(C0,CH,)3 CH(C0,CH,)> 


Dibensalpropionic acid contains a crossed conjugated system which 
includes a carboxyl group. 

6 S 2 1 

C«H,CH==CHC==CHC,H 5 C,H6CHBrCH==CCHBrC,H* 

1 + Bfi —> 1 

HOC==0 HOO=0 

3 4 

Bromine adds mostly to the ends of the l,2,5,6-8ystem, but some 1,2- 
dibromide is formed. Hydrogen and compounds of the HA type, con¬ 
taining hydrogen activated by adjacence to an unsaturated group, add 
to the l,2,3,4-sy8tem. These addends appear in the final products 
^ attached to the 1- and 2-carbon atoms; the addition, however, is doubt- 
leas conjugate followed by ketonization. 

I Redder and Hdmkanip, ibid., «, lOlS (1924); Kohler and Dewey, ibid., M, 126T 
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a-Cyanocinnamic ester contains a crossed conjugated system 
including a carbalkoxy and a cyano group. The addition of the Grig- 
nard reagent presumably takes place 1,4 to the system containing the 
cyano group, but the evidence for the location of the —MgBr group in 
the addition product is not conclusive.'®^ 

CeHsCH^CCOaCjHj (C,H 6 ) 2 CHCHC 03 C 2 H* 

I 1 

CN CN 

Quinones present a more complex picture than the substances here¬ 
tofore considered since the presence of a second carbonyl group intro¬ 
duces additional complications. In many respects quinones resemble 
the unsaturated 1,4-diketones which are to be considered shortly. In 
the quinones there are two independent and four dependent conjugated 
systems of four atoms each, and two long conjugated systems of six 
atoms each, in addition to two carbonyl groups and two olefinic linkages 
that may function independently of each other. The isolation of all the 
compounds formed in an addition reaction involving a quinone is usually 
very difficult; not only is the reaction mixture composed of addition 
products but also there are substances resulting from oxidation and reduc¬ 
tion reactions. Quinone adds bromine stepwise in the 3,4-positions, form¬ 
ing quinone di- and tetrabromides. Phenylazide, diazomethane, and 
the dienes also add in the 3,4-positions. On reduction hydroquinone 
results; the hydrogen is found on the oxygen atoms as a result of 1,6- 
addition. All quinones, regardless of the distance between the carbonyl 
groups, add hydrogen at the ends of the conjugated system. Substances 
having active hydrogen atoms (nitromethane, malonic ester, and the 
like) also add to quinones, but a complex mixture of products always 
results. 

Perhaps the most interesting addition reactions of the quinones are 
those in which the addend is of the type HX. Hydrogen chloride yields 
mainly a chlorohydroquinone; aniline forms a mono- and a dianilino- 
quinone.'®* The formation of these products is readily accounted for by 
naaiimin g that 1,4-addition first takes place; the intermediate [A] has 
an active hydrogen atom which undergoes enolization to give the sub¬ 
stituted hydroquinone [B], which is then oxidized by a molecule of the 
original quinone to furnish a substituted quinone [C] while the oxidant 
is reduced to hydroquinone. Although a second molecule of HX could 
add in several ways, actually it adds in but one way to furnish [D]. 

*** Kohlor and K.6un6r, Aw* Cfiem. J >, 33, 333 (1005), 

Suida and Sutda, Ann., 416, 113 (1018)* 
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The succeeding steps to the disubstituted quiuone are a repetition of the 
preceding steps. 

0 OH OH 

II I I 

CH CH CH CH CH CH ^ 


II II -> I II -> I II 

CH CH CHX CH CX CH 


\c/ 


Xc-^ 


li 

11 

1 


0 

0 

OH 



lA] 

»l 


0 

0 

OH 

0 

II 

11 

/^\ 

II 




CH CH Hx 

11 11 ) 

CH CHX 

II 1 — 

CH CX 

CH CX 

11 11 

II II ' 

^ II ! ^ 

CX CH 

CX CH 

CX CH 

CX CH 

\c/ 

\c^ 

Vc^ 


II 

1 

1 

11 

0 

OH 

OH 

0 

ICI 


[D) 



The addition of hydrogen cyanide is unique; two molecules of the 
reagent add, but in the resulting dicyanohydroquinone both cyano 
groups are on the same side of the benzene ring. The explanation is as 
follows: the first step resembles the scheme outlined above, a mono- 
cyanoquinone C' of t3T)e C resulting. This substance, however, contains 
an alternate conjugated system involving the nitrile group, to which hy¬ 
drogen cyanide will add more readily than to the system C=>C—C==0; 
rearrangement of the hydrogen atoms leads to the dicyanohydro- 
quinone.^*’ 


O 

II 

/\ 

CH CH 

i It 

CH C—CfesN 

II 

O 

C' 



*»» AOsn and WOaon, J. Am. Chum. Soc.. f$, 1766 (IHl). 
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Long Conjugated Systems 

The unsaturated compounds considered so far have contained, with 
the exception of the quinones, no more than two conjugated double 
bonds arranged in a continuous chain, and they have presented the 
possibilities of 1,2- and 1,4-addition. When three conjugated double 
bonds are arranged in a continuous chain the possibilities are more 
numerous: 1,2-addition at each double bond, 1,4-addition to either of 
the two conjugated systems, and 1,6-addition at the ends of the long 
conjugated system. With more than three conjugated double bonds 
arranged in a continuous chain the number of possible modes of addition 
is still greater, but such S 3 ^tems are not common and for the most part 
systems containing three conjugated double bonds only will be dealt 
with. Hydrogen, bromine, malonic ester, the Grignard reagent, and 
phosphorus pentachloride have been reported to undergo l,n-addition, 
where n>4, but this type of addition to the ends of long conjugated 
systems is common only with hydrogen. 

The terminally phenylated dienes on reduction with metal combina¬ 
tions add but one mole of hydrogen, and the addition is always at the 
ends of the conjugated system.*®* 

C6H6CH=CHCH=CHCH=CHC6H6 + H2 

C«HbCH2CH=CHCH=CHCH2C6H6 


On catalytic reduction with one mole of hydrogen these polyenes give 
mixtures of unattacked and completely reduced material; the reduction 
to phenylated paraffins is, of course, complete when sufficient hydrogen 
is used. A single example of 1,6-addition of halogen to a polyene has 
been reported; 1,3,5-hexatriene furnishes a 1,2-dibromide in the absence 
of hydrogen bromide and a 1,6-dibromide in the presence of hydrogen 
bromide.*** 

CH 2 =CHCH=CHCH=CH 2 + Brj 


present 

CHjBrCH=CHCH=CHCH2Br 


HBr absent^ 

CH2BrCHBrCH==CHCH==CH8 


The other addition reactions of the polyenes are either 1,2 or 1,4. 

Certain unsaturated 1,4-diketones furnish, on reduction, mixtures of 
saturated 1,4-diketones and furans. Since saturated 1,4-diketones are 

Kuhn and Winteratein, Heh. Chim. Acta, 11, 123 (1928). For a gensral diaouasion 
of th» preparation, properties, and leactiona of the phenylated p<dyenes oompare Helv 
Chim. Ada, 11, 87-151 (1928). 

'•* Fanner, Laroi, Swita, and Thome, J. Chem. Soe., 2937 (1927). 
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known to furnish furans on dehydration, the formation of furans on 
reduction may proceed by way of the saturated ketones. It has been 
shown in several cases, however, that unsaturated 1,4-diketones can be 
reduced to yield, principally, furans under conditions such that no 
appreciable conversion of the saturated ketones to the furans takes 
place.*®® This affords convincing evidence that the reduction of un¬ 
saturated l,4-diketone8 proceeds through 1,6-addition and that the 
resulting dienol [A] may either rearrange to the saturated diketone [B] 
or eliminate water to form the furan [CJ, probably via a monoenol.*®^ 


C,HtCOCH=CHCOC«H6 -1- H, 

rC,HsO=CHCH=CC,HBl 

I I 

OH OH 

lA) 

i 

CH-CH 

II II 

C.HsC CC«Hb 

\o/ 

1C) 


C,H6COCH,CH-COC,Hb 

IB] 


By analogy with the unsaturated 1,4-diketones, a l,n-addition of 
hydrogen may be assumed to take place in the notably easy reduction of 
a number of long conjugated systems which terminate at both ends in 
oxygen; 1,6-addition in the reduction of maleic acid and its analogs, 
o-phthalic acid, the paro-quinones, and many vat dyes; 1,8-addition in 
the reduction of terephthaldehyde, muconic acid, and terephthalic acid; 
and even higher types of addition in the reduction of polynuclear 
quidones. In the examples just cited there is no direct evidence for the 
type of addition assumed, but the reduction of ortho- and para-dinitro¬ 
benzene to the nitrosonitrobenzenes, under conditions such that meta- 
dinitrobenzene is not affected, does constitute evidence for 1,6 and 1,8- 
addition of hydrogen.*"* 




0 

1 

a NoO 
NodO 


+ H,0 


*« laitt, J. Am. Chem. Soe., *1, 3008 (1929): Lut* and Beveley. ibid., 61,1854 (1989) 
and KiUer. ibid., 6*, 380 (1940). 

*l( MoMnheimer, Bar,, 86, 4174 (1903). 
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Ketuming again to the unsaturated 1,4-diketones, it is to be noted 
that the addition of reagents other than hydrogen is 1,2 or 1,4, but never 
1,6. Halogen, as usual, adds 1,2 to the ethylenic linkage. Halogen 
acids add 1,4 to the system C==C—0=0, and the addition products 
serve to establish the mechanism as 1,4-addition with hydrogen entering 
the molecule at an oxygen atom. Both m- and frans-dibenzoylchloro- 
ethylenes [A] add hydrogen chloride in chloroform or ether to give 
mixtures of meso and racemic dibenzoylchloroethanes [C]. The ratio 
in which the chloroethanes are formed is dependent on the conditions 
under which the addition is carried out and not on the configuration of 
the starting materials. Both the meso and racemic chloroethanes are 
stable imder the conditions obtaining in the addition reactions so that 
there is no isomerization due to the reagents. These apparent stereo¬ 
chemical inconsistencies can be interpreted on the assumption that 
1,4-addition of hydrogen chloride takes place to form the enol [B], 
for in this process the stereoisomerism about the ethylenic double bond 
in the starting noaterial is destroyed. The enol can then ketonize to 
form the chloroethanes, and the ratio in which the chloroethanes are 
formed will be dependent on the conditions under which ketonization 
takes place and independent of the configuration of the chloroethylene 
used. The enol [B] may also lose a molecule of water to form the furan 
[D]. When the addition of hydrogen chloride is carried out in alcohol 
the furan [D] is obtained, and this, since the chloroethanes [C] are not 
converted to the furan [D] under these conditions, is additional evi¬ 
dence for l,4-addition.“‘’* 


C8H*C0CH=C(C1)C0C8H6 -h HCI 

[cifl and ^raru] 

[A1 


CCl—CCl 


C6n6COCHClC(Cl)=CC6Hs 


(B] 


HO 


C«HjC CC«Hs 
[D1 


CeHsCOCHClCHClCOCeH* 

{meio and racemic] jqj 


The addition of the Grignard reagent to unsaturated 1,4-diketones 
furnishes 1,4- and sometimes 1,2-addition products. Thus, dibenzoyh 
ethylene and phenylmagnesium bromide give desylacetophenone,*“ 
a-Tid phenyldibenzoylethylene with the same reagent furnishes bidesyl 

Lutz ftnd Wilder, J. dw. Chetn, Soc., 66, 1193 (1934), 

^ Lutz and Tyson, 66, 1341 (1934). 
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and tetraphenylfuran.®* The persistence of the second caHbonyl group 
unattacked through these reactions is presumably to be accounted for 
by the formation of a magnesium derivative of the enolic form. 


C«H»C0CH=CHC0C«H5 C6H5COCHCH2COC.H6 


HX 


C.HjCOC(C»H5)=CHCOCeH6 

HX 


C.Hs 


CtHsCOCH—CHCOC.Hj C.HjC- 

II +11 

OsJlft CeHtC 


-CC.Hs 




CC«H6 


Contrasted with these examples of 1,4-addition is the reaction between 
dibenzoylstilbene and the Grignard reagent which furnishes only 1,2- 
addition products.*®^ 

Cinnamalacetophenone is representative of long conjugated systems 
made up of two ethylenic linkages and a terminal carbonyl group. The 
reaction between cinnamalacetophenone and phosphorus pentachloride 
is conadered to be 1,6-addition, but here, as with benzalacetophenone, 
the mechanism may be replacement of the carbonyl oxygen by chlorine 
followed by a migration of one chlorine atom.**' 

C»H6CH=CHCH=CHC0C6H6 + PCU 

CaH 5 CHClCH=CHCH=C(Cl)C»H 5 + POCl, 

Malonic ester'** and toluenesulfinic acid'*’ add 1,4 to cinnamalaceto- 
phenone. Addition of the Grignard reagent is likewise 1,4.'*® 

C.H. 

CJH,CH=CHCH=CHCOC,H, C,H.CH=CH([lHCH!COC»Hj 

HX 

In fact, 1,6-addition of the Grignard reagent has been found to take 
place only to one group of substances all the members of which may be 
considered to be analogs or derivatives of fuchsone.'** 

**‘ Hahn and Murray, ^>id., S6, 1484 (1914). 

“•VStlander, Ann., 346, 218 (1906). 

Kohler and Reinier, Am. Chem. J., 81, 163 (1904). 

Kohler, Ber., 88, 1203 (1906). 

Jidian and Magnani, J. Am. Chem. Soe., 86, 2174 (1984); Julian and Cole, ibid., 
IT, 1807 (1936); JuUan and Gist, ibid., 67. 2030 (1936); JuUan, Cole, and Wood, ibid., 67, 
9608 (1936). 
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CH, 

CeHtCCeHs —C—CtUg 



All other attempts to secure 1,6-addition of the Grignard reagent have 
been unsuccessful, and earlier claims of 1,6-addition have not been 
substantiated.^®* 

A relatively wide variety of doubly unsaturated acids and esters 
has been available, and from the study of their addition reactions many 
interesting results have been obtained. The nature of the products of 
partial catalytic reduction of these acids and esters is still controversial. 
For certain reactions dihydro reduction products have been described 
but not always confirmed.*‘‘ Differences in experimental conditions and 
in the nature of the catalyst may account for the divergent results so 
far reported. At one time it was believed that the addition of but one 
mole of hydrogen to a doubly unsaturated acid or ester always gave 
mixtures of unattacked material and completely reduced products. 

In contrast with catalytic reduction, sodium amalgam usually gives 
a mixture of dihydro derivatives which may be accounted for by 1,4- 
and 1,6-addition. Sorbic acid furnishes two isomeric dihydro derivatives 
whose structures have been established by synthesis.®^* 

CH8CH2CH=CHCH2C02H 
CH,CH=CHCH=CHC02H -b Hs -b 

CH3CH=CHCH2CH2C02H 


j3-Phenylsorbic acid gives a mixture of analogous dihydro products.*** 


CH,CH=CHC=CHC02H -b H 2 

I 

C,Hs 


CH»CH2CH==CCH2COsH 

I 

CeHt 


+ 

CH3CH==CHCHCH2COsH 

I 

C,H» 


"“Muskat and Knapp, Ber., 6i, 779 (1931): Farmer and Galley, J. Chem. Soc.,430 
(1932); Farmer and Hushes, ibid., 304, 1929 (1934); Farmer and Hughes, J. See. Chem. 
Ind., »3, 131 (1934). 

*** Ingold and Shah, J. Chem* Sec., 885 (1933). 

>i>HUckel, “Theoretieche Grundlagen der organiechen Chemie,” Akad. Verlags. 
Leipiig (1931), Vol. I, p. 340. 

*!• Burton and Ingold, J. Chem. Sec., 2022 (1929). 

«* Kuhn and Hoffer, Ber., 66,1263 (1933). 
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a-Phenyknuconic acid furnishes 23 per cent of the 3,4-dihydro product, 
the balance of the material imdergoing complete reduction, and a- 
methylmuconic acid gives 80 per cent of the 1,4-dihydro acid.*“ 

HOaCCH==CHCH=CCOsH 

I 

C.H6 

H02CCHaCHjCH=CC02H 4- HO 2 CCH 2 CH 2 CH 2 CHCO 2 H 

I 1 

H02CCH=CHCH=CC02H H02CCH2CH=CHCHC02H 

I 1 

CH, CHs 

A number of esters of the maJonic type have been added to the 
doubly unsaturated esters. The mode of addition varies markedly 
using a single addend and a series of unsaturated esters. The yields 
reported are none too accurate because of experimental difficulties, 
and in some cases not all the starting material can be accounted for. 
The results using malonic ester are shown by the following reactions. * 

CH2=CHCH=CHC02R CH2CH==CHCH2C02R 1,6-addition 75% 

I 

CH(C0*R)2 

CH,CH=CHCH=CHCOjR -♦ 

CH»CHCH==CHCH2C02R 1,6-addition 80% 

I 

CH(C02R)2 

CH8CH==CHCHCH2C02R 1,4-addition 10% 

I 

CH(C02R)2 

CH»CH==CHCH=CHCH=CHC02R 

CH,CHCH==CHCH=CHCH2C02R 1,8-addition 10% 

I 

CH(C02R)2 

CH2CH=CHCH=CHCHCH2C02R 1,4-addition 67% 
CH(C02R)2 

C#H»CH=CHCH-=€HC02R -♦ 

C$HiCn=CHCHCHiC 03 R 1,4-addition only 

CH(COtRh 

***Kuhn and Miohal, Ber., 71, 1119 (1938>. 

• A aummary of earlier work together witti new experimental data on l.O-addition It 
by KoUer and Butler, J. Am. Chem. Soc., 48, 1038 (1926). Compare (a) Farmer 
and Sahly, J. Chem. Soe., 1060 (1927); (b) Farmer and Mehta, ibid., 1610 0930); (c) 
Fanaetj^aad Martin, tbid., 960 (1933). 
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Cinnamalmalonic ester adds two moles of malonic ester.*“ This 
can be accounted for by 1,6-addition of one mole of the addend followed 
by a shift of one hydrogen atom to furnish a new conjugated system 
which adds a second molecule of malonic ester in the 1,4-positions. 


CtHjCH=CHCH=C(COjR)a + CHa(CO,CH,)i -► C.HsCHCH=CHCH(CO,R)i 

illCCOsCH,), 

CH(CO,CH.)j I 

c.h.chcHs<!:hch{Co»R)j C,H,CHCH2CH==C(COjR), 

(i:H(C02CHj)2 infcOaCH,), 


Two moles of hydrogen cyanide can also be added to cinnamalmalonic 
ester, and in this reaction the primary 1,4-addition product can be 
isolated.^” The addition of the second mole of hydrogen cyanide is 
1,4 and involves the cyano group. 

C,H6CH=CHCH=C(C02R)2 > C6H6CH=CHCHCH(C02R)2 

CN 

C.HtCHjCH—CHCH(C02R)2 - C6H5CH2CH=CCH(C02R)2 

I I I 

CN CN CN 


The addition of the Grignard reagent to the doubly unsaturated 
esters never furnishes 1,6-addition products. The most favorable case 
is /3-vinylacrylic ester, and this substance is first converted to a ketone 
which then imdergoes only 1,4-addition. 


CH2=CHCH=CHC02R 


' CgHiMgBr 


HX 


> CH2=CHCH=CHC0C6H5 
HX I 


CH2=CHCHCH2C0C«H6 

I 

C«Hs 


The reluctance of the Grignard reagent to undergo l,&-addition is 
characteristic of most addends, for, with the exception of esters and 
hydrogen, the great majority of regents which undergo 1,4-addition 
to a,/ 3 -unsaturated esters and carbonyl compounds undergo only 1,4- 
addition to the analogous doubly imsaturated systems where 1,6- 
addition is a possibility.®^* In contrast with 1,4-addition, which is one 
of the commonest modes of reaction of conjugated systems, 1,6-addition 
is imuBual. 

«* Meerwein. Ann., 360, 326 (1908). 

*» Duff and Ingdd, J. Ckem. Soc., 87 (1934). 

**• Ingold, Pritehard, and Smith, ibid., 81 (1934); Rohler and Butlar, J. Am. Chem. 
See., 48, 1038 (1926). 
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mTRODUCTION 

The term pol 3 mier was introduced into organic chemistry by Ber¬ 
zelius ‘ more than a century ago to designate the more complex of two 
substances having identical composition but differing in molecular 
weight. There was no idea of any other relation between the two sub¬ 
stances in this definition. In later years, the term polymerization came 
to be applied to the process of self-addition of unsaturated compounds 
to give products which appear to have the same composition but 
multiple molecular weight. The terms pol 3 Tner and polymerization are 
now used almost exclusively in connection with very-high-molecular- 
weight compounds. 

The careful study of polymers or macromolecules which has been 
going on for about the last twenty years constitutes one of the important 
developments of modern organic chemistry. 

It is now known that few, if any, addition polymers (macromole¬ 
cules) have exactly the composition of the monomers from which they 
are formed. The process of self-addition is usually interrupted by the 
addition of one or more foreign molecules giving terminal groups which 
are very different in composition from the monomer. The classical 
work of Staudinger and Liithy* on the polyoxymethylenes illustrates 
this possibility. When formaldehyde polymerizes, the reaction may be 
interrupted by the addition of water to yield H 0 [CH 20 ]„H, methyl 
alcohol to give CH 30 [CH 20 ]„H, etc. Carothers’ work on polyesters 
and polyamides has brought these pol 5 Tner-forming reactions to the 
attention of chemists. These polymers differ markedly in composition 
from the reactants which produce them because of the loss of some small 
molecule such as water during their formation, yet such reactions seem 
best described as polymerization processes.’ 

Polymerization reactions are intermolecular combinations that are 
functionally capable of proceeding indefinitely and thus may theoretic¬ 
ally lead to molecules of unlimited size. Polymers can be classified as 
addition polymers and condensation polymers. The addition polymers 
are formed by intermolecular reactions of the monomeric units without 
the elimination of any atoms or groups. Thus vinyl chloride (I) com¬ 
bines with itself to produce polyvinyl chloride (II). In writing the 

CHtf=-CHCl —[CH,CHC1]*— 

1 u 

* Beradiue, Jahraber., U, 64 (1833). 

*St*admcer and Cfttm. Aeta, 8, 41 (192S). 

•Qlrathaa, J. Am. Chem. Boe., it, 2848 (1920). 
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polymer as in structure II, no indication is given as to what is at the 
ends of this polymeric chain. Condensation pwlymera are produced 
by reactions which involve elimination of some simple molecule between 
two functional groups; such reactions are esterification, anhydride 
formation, amide formation, aldol condensation, etc. The self-ester- 
ification of ehydroxycaproic acid (III) serves to illustrate this type. 
The reaction between a dibasic acid and a glycol runs similarly. There 
are also cases which seem to be hybrids between these two fundamental 
t 3 T)es (see p. 768). 

wHOCHiCHjCHjCHjCHjCOiH ^ 

III 

HOECHjCHiCHjCHjCHzCOsl^H + (n—1) HjO 

IV 

Reactions of the types indicated lead to high-molecular-weight 
chains or linear molecules which have a characteristic recurring unit. 
The character of this unit is a factor of great importance in determining 
the nature of the polymer. The physical properties of linear polymers 
are related to their molecular size and to the nature of the recurring 
units. It is at once rather evident that in a synthetic linear polymer it is 
not likely that each individual polymer chain will be exactly the same 
length as every other chain. Hence, a synthetic polymer will not be 
strictly a chemical individual from this point of view. The natural 
polymers do not have the wide variations in average chain length which 
are characteristic of the synthetic polymers. 

There are many possible polyfunctional reactions, and some of these 
lead to products which are not linear. The well-known esterification of 
glycerol by phthalic anhydride to produce a polyester (V) is an example 
of the formation of a three-dimensional ‘polymer. 

Such a three-dimensional polymer as this is always insoluble, infu¬ 
sible, and generally intractable. There are all gradations between the 
true linear polymer and the three-dimensional type. The cross-linked 
•polymers have properties falling between the two extreme cases. They 
are usually less soluble than the linear esters but may swell with solvents, 
whereas the true three-dimensional polymer is usually entirely unaf¬ 
fected by solvents. 

Self-addition reactions of such compounds as the 1,3-dienes may lead 
to complex cross-linked polymers. The rubber molecule produced in 
the living plant (VII) is apparently made up of isoprene units (VI) 
leaned in the 1,4-poBitions. 
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nCH 2 ==C—CH=CHj —[CH*—C==CH—CH 2 ]„— 

I I 

CHa CHa 

VI vn 

However, when a diene of this type is polymerized in the laboratory 
both 1,2- and 1,4-additions may occur. The first product is apparently 
a linear polymer with occasional vinyl side chains (VIII), in those 
butadiene units which have polymerized in the 1,2-positions. This 

nCHs=»=CH—CH=CHj 

—(CH^—CH==CH—CHj)*—(CHa—CH)„—(CHz—CH==CH—CHa).— 

I 

CH 

II 

CH* 

VIII 

polymer may undergo further reactions to give complex croes-linked 
structures. 

In addition polymerizations two different monomeric units may 
internet to give a polymer chain containing both units. Such polymers 
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are known as copolymers. The best-known examples of this type of 
polymer are the various “Vinylite” resins (XI) made from vinyl chloride 
(IX) and vinyl acetate (X). The term copolymer has not been com- 

*CH3=CH + yCH3=CH ^ —(CHiiCH)^—(CHjCH )j_(CH8CH)«— 

ii icocH, ii Acoch, il 

IX X XI 


monly applied to the condensation polymers, but it might be used for 
such a substance as a polyester made from two or more dibasic acids 
with one or two polyhydric alcohols, etc. 

Another type of pol 3 Tnerization reaction that is sometimes encoun¬ 
tered is the copolymerization of two unsaturated molecules, one of which 
does not normally undergo addition polymerization. Thus maleic 
anhydride (XII), which alone does not polymerize, will copolymerize 
with styrene (XIII) to give a linear polymer (XIV). Such a polymer 
has been called a heteropolymer.*• 


CH=CH + C,H6CH=CHj 

I I xiii 

CO CO 

XII 


—[CH CH—CH—CH2l„— 

I ! 1 

CO CO CeHs 

XIV 


In condensation polymers the end groups are the functional groups 
of the original reacting molecules. Thus, if a hydroxy acid is converted 
to a polyester, the polymer will have a hydroxyl group at one end of the 
chain and a carboxyl group at the other. If two reacting molecules such 
as a glycol and a dibasic acid are used, the end groups may be hydroxyl 
and carboxyl, two hydroxyls, or two carboxyls, depending on the ratios 
of the reactants. 

In addition polymers the end groups are less well known. They 
may be parts of the catalyst used to initiate the reaction (p. 775); 
they may result from a disproportion of reacting chains; they may come 
from a reaction between growing chains and impurities in the monomer 
or solvents used for the reaction. In the past the end groups have 
usually been written as hydrogen and a double bond; for the present, 
however, it is probably wisest not to attempt to indicate end groups on 
most vinyl polymers. 

It should be realized that not all reactions between bifunctional 
molecules will produce useful polymers. To ^ve products with a 
molecular weight high enough to make the polymer useful, the reaction 
of formation must be one which proceeds smoothly and in excellent 

* Wacmr^aureag, Btr,, 88, 3213 (1980). 
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yields. In general, any teaction which gives yields of less than 90 per 
cent between simple molecules can be overlooked as a useful polymer- 
fonning reaction. To obtain macromolecules, clean-cut reactions with 
few possibilities for side reactions are essential. 

The older literature is full of references to tarry side products and 
insoluble residues when bifunctional or polyfunctional reactions were 
carried out. In the early days of the scientific development of the 
polymer field, the orthodox organic chemist called the polymer chemist 
a student of “gunks” and indicated that the purity of his products was 
far less than that demanded in ordinary synthetic work. Actually 
nothing can be farther from the truth. To obtain useful high-molecular- 
weight products it is essential that starting materials have an extremely 
high degree of purity, often far above that of so-called analytical purity. 

There is another type of rather large molecular aggregate which is 
sometimes described as a polymer. Certain organic molecules such as 
ethyl alcohol and acetamide which contain active hydrogen as hydroxyl 
or amido hydrogens and donor atoms such as oxygen and nitrogen are 
rather firmly joined together by hydrogen bonds. These products arc 
really polymeric in nature, but they differ markedly in stability from the 
polymers in which the units are held together by covalences. The 
polymers held together by hydrogen bridges usually have the chemical 
reactions of the monomer although the physical properties (boiling 
point, melting point, solubility, etc.) are out of line with those predicted 
for the monomer. These may be called association polymers. 


COHDEHSATIOH POLYMERIZATION 

Condensation polymers may be produced from a great variety of 
polyfunctional compounds. Generally speaking, any reaction between 
simple functional groups may be adapted to polymer formation. There 
is no essential difference between a condensation reaction which produces 
a polymer and a similar reaction which produces low-molecular-weight 
molecules. However, to obtain satisfactory polymeric products, the 
reactants must be pure, they must be used in the proper ratios, and the 
reactions must take place almost quantitatively. 

In the following pages the synthetic polyesters, polyamides, poly- 
sulfides, urea-formaldehyde condensation products, phenol-formalde¬ 
hyde condensation products, polyethers, polyacetals, polyanhydrides, 
a few oth^ miscellaneous condensation polymers will be discussed 
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Polyesters 

The polyesters first became technically important as alkyd resins; 
later they were studied from the theoretical standpoint. The discussion 
of these esters will not follow their historical development. 

Hydroxy acids will undergo self-esterification to produce the sim¬ 
plest type of polyesters, but glycols and dibasic acids, or polyglycols and 
polybasic acids, give the same type of reaction and produce correspond¬ 
ingly more complex products. 

With bifunctional molecules, ring formation will compete with linear 
polymer formation. Carothers* has pointed out that under the usual 
reaction conditions a five- or six-membered ring will usually form when¬ 
ever that is possible. In all other cases polymer formation is the favored 
reaction. However, special conditions may alter the course of a reac¬ 
tion. Thxas Ruggli® has demonstrated the value of the high-dilution 
principle for producing large rings. The application of these principles 
can best be demonstrated by a discussion of particular cases. Structural 
features in the reacting units may also affect the balance between ring 
formation and polymer formation. 

Polyesters from Hydroxy Acids. When any hydroxy acid 
H0(CH2)nC02H (except a /3-hydroxy acid) is heated with or without 
a catalyst, self-esterification proceeds. The nature of the product 
depends on the distance between the hydroxyl group and the carboxyl 
group. 

In the case of a-hydroxy acids (I), sclf-esterification usually produces 
a lactide (II) although linear esters (III) are known. Glycolic acid 
(I, R == H) on gentle heating is said to give glycolide (II, R = H). 
The cyclic ester on heating with a trace of zinc chloride is converted to 
a linear polyester (III, R = H). Distillation under reduced pressure 

CHR 

/ \ 

0 CO 

I 1 HO—[CHRCOsln—H 

OC O in 

\ / 

CHR 
n 

causes the polyester to revert to the cyclic ^ter.* Lactic acid 
(I, R = CHa) gives lactide (H, R = CHa) at 150°,i but under other 

* ./Inn., S92, 92 (1912). 

• Bischoff and Walden, Ber., M, 262 (1893); Ann,, *79, 45 (1894), 

^ and Walden, Ann,, *79, 71 (1894), 


R 

I 

HO—CHCOiH 
I 
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oondilions Dietzel and Krug ® have obtained a linear polylactic acid. 
Lacfide heated at 250-275° for two hours is converted into a linear 
polymer with a molecular weight of about 3000.* If a catalyst such as 
potassium carbonate is present this transformation occurs at about 
140-150°. 

^-Hydroxy acids usually lose water to give a,/3-unsaturated acids so 
readily that self-esterification does not occur. If, however, substitution 
prevents dehydration, heat converts /S-hydroxy acids to linear polymers; 
thus hydroxypivalic acid (IV) gives a product (V) with a molecular 
weight of about 600 (n = about 6),*° but considerable decomposition of 
the monomer into formaldehyde and isobutyric acid accompanies this 
reaction. 

CH, CH, 

I 1 

HOCHa—C—COjH HO—[CHa—C—COaln—H 

i I 

CHa CHj 

IV v 

7 -Hydroxy acids, such as y-hydroxybutyric acid (VI), readily give 
the 7 -lactones wliich are very stable. y-Butyrolactone (VII) has been 

HO(CH 2 )jCOaH -> CHaCHaCHaCO 

L_c_l 

VII 

heated to 80° with and without catalysts for as long as twelve months 
without the formation of a detectable amount of polymer.' 

5-Hydroxy acids also readily give 5-lactones, but these six-membered 
lactones often change spontaneously into the linenr polyesters. Fichter 
and Beisswenger observed that 5-valerolactone (VIII) gradually 
becomes thicker and more viscous on standing and finally yields a solid 
polymer (IX) with about seven recurring units. It seems probable that 

CHaCHaCHaCHsCO HOCCHaCHaCHaCHaCOalaH 

I I IX 

I-0-1 

vin 

some trace of water or acid is necessary for this reaction to take place. 
Carothei-s, Borough, and Van Natta* found that the molecular weight 
of the polymer varied with the method of preparation and obtained 

» Dieted and Km*, Ber., #8, 1307 (1026). 

'Camthera, Dorou^, and Van Natta, /. Am, Cham. Soo., 14, 761 (1032). 

Blaiee and MarciUy, BvU. aoe. chim., (3] 81, 308 (1004). 

FiiiStter and Beisswensw, Ber., 86, 12(X) (1003). 
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values from 1060 to 2240 (10 to 22 monomer units). Hollo found that 
substitution on the a-carbon atom decreases the ease of hydrolysis of 
6-lactones and also the ease with which they polymerize. 

When the hydroxyl is in the epsilon position, lactone formation is 
not the usual behavior of a straight-chain hydroxy acid, but substitution 
in the carbon chain may have a favorable influence on ring formation 
and promote lactonization. Thus, 6-hydroxyoctanoic acid (X)'* and 3,7- 


CH3CH2CH(CHi!)4C02H 

I 

OH 

X 

HO(CH2)5COjH 

XII 


CHjCHCHCCHj) 2 CHCH 2 CO 2 H 

I I I 

HaC OH CHa 

XI 

H0[(CH2)BC02]nH 

XIII 


dimethyl-6-hydroxyoctanoic acid (XI)“ give lactones when heated. 
6-Hydroxycaproic acid (XII) gives a lactone at 150-210° but tends to 
polymerize at 150° to give a linear ester containing about 35 monomeric 
units (XIII). Once the hnear ester is produced there is very httle 
tendency for it to depolymerize to give the cyclic monomeric lactone, 
although a fourteen-membered dilactone (XIV) is produced in small 
amounts. 

(CH2)a—CO 


CO-(CH2)6 

XIV 


When the hydroxyl is farther from the carboxyl than the 6-position, 
only linear products are obtained on heating the acid. Chuit and 
Hausser have prepared the series of hydroxy acids (XV) with n having 
values of 7 to 20 and converted them to the corresponding linear poly¬ 
esters (XVI). 

H0(CH2)„C02H H0[(CH2)„C02],H 

XV XVI 

Sabinic acid (12-hydroxydodecanoic acid) and juniperic acid (16- 
hydroxyhexadecanoic acid) have been isolated from conifers, and it has 
been suggested that they exist as linear polyesters in the natural state.” 

WHoUo, Ber., 61, 896 (1928). 

l< Blaise and Koehler, Compl. rend., 148, 1772 (1909). 

Baoyer and Seuffert, Ber., 83, 3619 (1899). 

i* Van Natta, Hill, and Carothera, J. Am, Chem. Soc., 66, 466 (1034); 68 , 183 (1936). 

I* Chuit and Hausser, Heh. Chim. Acta, IS, 463 (1929). 

” Bougault and Bourdier. Compt. rend., 147, 1311 (1908); J. pharm. ehim., [6] 39, 661 
(1909): [61 so, 10 (1909); Bougault, ibid., (7J1, 426 (1910); [7] 8, 101 (1911); Compt. rend., 
160, 874 (1910); Bougault and Cattelain, iWd., 186, 1746 (1028). 
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Lycan and Adams prepared a series of hydroxy acids of type XV in 
whi(di n was 8, 9, 10, 11, and 12. lO-Hydroxydecanoic acid polymerized 
witli heat to give a polymer (XVI) of a molecular weight of approxi¬ 
mately 9000. Self-esterification of the hydroxy acid by heating a benzene 
solution containing a little p-toluenesulfonic acid gave a polymer having 
a lower molecular weight (about 2500). These polyesters were shown to 
contain hydroxyl and carboxyl end groups. They gave sharp x-ray 
diffraction patterns. 

Large lactone rings can be prepared by self-esterification of the 
hydroxy acids under conditions of high dilution. Ruggli ® first suggested 
that a reaction which normally led to polymeric products could be made 
to yield a cyclic product if the distance between the different molecules 
were made greater than the distance between the two ends of one mole¬ 
cule. This dilution effect cuts down intermolecular reaction. By adopt¬ 
ing this technique, high yields of such lactones as those of co-hydroxy- 
pentadecanoic acid have been obtained.** Once these large cyclic 
lactones are obtained, they show httle tendency to rearrange to the 
linear polymers unless heated with catalysts.*’ ” 

Ruzicka and Stoll have prepared the simple lactones (XVIII) con¬ 
taining fourteen to eighteen members in the ring by oxidation of the 
corresponding cyclic ketones (XVII) with Caro’s acid. This reaction 

/CO 

(CHi)„CO (CIDnO 

XVII XVIII 

evidently does not involve converting the cyclic ketone to a linear 
intermediate. 

In general the linear polyesters which have been prepared from 
hydroxy acids are white powders, soluble in many hot organic solvents. 
ITieir molecular weight varies, but it never approaches the values 
observed for the higher polystyrenes. The reasons for the compara¬ 
tively low molecular weight of the product may be found in the relation 
between the nature of the polymerization and the experimental con¬ 
ditions employed.** The macromolecule may be built up through suc¬ 
cessive couplings resulting finally in long chains. The reaction is reversi¬ 
ble, however, and a large number of factors are involved. The equi¬ 
librium may be displaced by the removal of the water as it is formed in 

** Lycan and Adams, J. Am. Chem. 8oc., 51, 626, 3460 (1920). 

** Stoll and Rouv6, Hel®. CMm. Acta, IT, 1283 (1934): fttoU, Rouv4, and StoH-Comto 
iUd., IT, 1289 (19341. 

>«Ri|tiicka and Stoll, ibid., 11, 1160 (1928). 

« eVothera and HiU. J. Am. Chem. Boe„ 64, 1660 (1032). 
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the reaction; this would tend to direct the reaction to completion. 
Formal completion of the process would obtain when all the small 
molecules were combined into a single molecule. Ester interchange 
may also be effective in producing large molecules. This has been 
demonstrated in the transformation of di-(/3-hydroxyethyl) succinate 
into a linear polyester imder the influence of heat. 

Factors which may influence the upper limit of molecular size are 
the possibility of ring formation and accidental mutilation of the terminal 
groups. Experimental evidence seems to show that ring formation 
does not occur to a significant extent except under certain well-defined 
conditions, although in certain cases dimeric products of a cyclic nature 
have been observed.*' *' ** The mutilation of end groups, as for example 
loss of carbon dioxide from a carboxyl group, does not occur except 
under extreme thermal conditions, and even then coupling might still 
proceed through a process of ester interchange. In many cases small 
traces of impurities in the acids may be the chief cause of stopping the 
reaction. 

The failure of the reaction to proceed to the formation of very large 
molecules is ascribed by Carothers and Hill “ to a combination of cir¬ 
cumstances. The concentration of reactive groups becomes necessarily 
very low as the reaction proceeds, and the viscosity of the esters increases 
continuously. This operates to decrease the mobility of the molecules 
and decreases also the rate of diffusion of volatile products, such as 
water, to the surface. Also, macromolecules in general show a pro¬ 
nounced tendency to retain dissolved or adsorbed liquids. This may 
be due to their exaggerated molecular cohesions.** It, therefore, would 
be reasonable to expect that a more effective means of removing volatile 
products would lead to higher-raolecular-weight products than those 
hitherto observed. The u.se of a molecular still ^ has partially fulfilled 
these conditions, and superpolyesters have been obtained.**’ ** The 
same results have been achieved in a lesser degree by prolonged heating 
of the lower polyesters in thin layers in a nitrogen stream, or by bubbling 
nitrogen through the molten esters. 

The linear polyesters of low molecular weight (usually in the neigh¬ 
borhood of 3000) arc microcrystalline powders which dissolve readily 
in chloroform to yield mobile solutions, and have already been de¬ 
scribed. The superpolyesters (those of molecular weight 12,000-25,000) 
are harder and much tougher when prepared in a massive state. In 
cold chloroform they dissolve very slowly with a pronounced swelling, 

** and Van Natta, ihtd., 65, 4714 (1933). 

M Dmilcel, Z* Chem.t A138, 42 (1928). 

“ Carothers and Hill, Am, Chem, jSoc., 64, 1667 (1932). 
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aod their solutions are quite viscous. Their structure is undoubtedly 
tiiat of a long polymeric chain. 

The polyesters from w-hydroxydecanoie acid, HO(CH 2 )oCOOH, 
have been examined careftilly.®* Molecular weights have been observed 
varying from 780 to 25,200 depending on the conditions of polymeri¬ 
sation, the higher values resulting from the most drastic treatment. 
The melting points varied from 66-67° to 75-80°. The molecular 
wei^ts were obtained by titration with standard alcoholic potash of 
the polyesters dissolved in a chloroform-alcohol mixture. Phenol- 
phthalein was used as the indicator. The lower values were checked by 
a boiling-point method and the highest by the use of the ultracentrifuge. 
The masses resulting from crystallization of the molten polyesters were 
opaque solids. The lower members were waxy and brittle; the higher 
members were harder and so homy and tough that they could scarcely 
be fractured. 

The polyesters of molecular weight less than 10,000 dissolved 
rapidly and completely in cold chloroform or benzene and in hot 
acetone, ethyl acetate, and acetic acid. They were practically insoluble 
in hot alcohol, ligroin, or water. The highest members showed a 
diminished solubility. At about 110° the first member of the series 
was a highly viscous liquid while the highest member was a transparent 
resin. 

The properties of these esters with regard to fiber formation have 
been examined.®’’ “ It was found that by melting or dissolving in 
chloroform they could be spun into fibers. The filaments were opaque 
and fragile, but imder the influence of a longitudinal stress they under¬ 
went elongation and then remained permanently extended. This process 
was accompanied by a loss of opacity and an increase in tensile strength 
and pliability. Examination by x-rays showed the presence of fiber 
orientation. The strongest and most highly oriented fibers were 
obtained in the case of (o-hydroxydecanoic acid from the esters of 
approximate molecular weight 17,000-20,000. These were the first 
examples of synthetic material in the form of fibers which possessed any 
conaderable degree of strength, orientation, and pliability. 

It has thus been found possible to produce long, straight-chain 
polyesters of varying molecular weight, in which the recurring unit is 
of the type —0—(CH 2 )»—CO—. Those adds which may form five- 
membered cyclic esters (n = 3) do not form linear polymers, but always 
assume a cyclic form. Those adds capable of forming six-membered 
igrclic esters show a very curious property, i.e., the ability to polymerize 
and d«|)olymerize in a rather smooth, reversible fashion. This phe- 

W CapotVtOTS and HiU, ibid., 04, 1070 (1032). 



SYNTHETIC POLYMERS 


713 


nomenon is connected with the ease of hydrolysis of the ester and, like 
hydrolysis, is hindered by a-substituents. This process probably takes 
place through an ester-interchange mechanism although small amounts 
of the free hydroxy acids may be involved. Both forward and reverse 
reactions are catalyzed by acids and bases, typical ester-interchange 
catalysts. The reasons for this behavior probably lie in stereochemical 
factors: rings of six atoms are strained slightly (or may pass through 
positions of strain), and this strain can be relieved by the formation of a 
linear molecule through ester interchange. The dep>olymerization is 
possible by reason of the high probability of the close approach of atoms 
in every sixth position in a chain.® These concepts are based on the 
Sachse-Mohr theory of ring structures.®* It is worth noting that the 
reversible polymerization of six-membered rings does not occur in the 
lactam series. 

In some cases the linear polyesters derived from the higher hydroxy 
acids may be depolymerized by the action of heat and an ester-inter- 
change catalyst to many-membered cyclic monomers and dimers; the 
reverse process may also be carried out in some instances.®’’ ®* This 
depolymerization has been investigated for a number of polyesters of 
this class, and it has been found that depolyraerizations of linear poly¬ 
esters from acids such as 10-hydroxydecanoic acid (XIX), 13-hydroxy- 
tridecanoic acid (XXI), and 14-hydroxytetradecanoic acid (XXII) 
yield both monomers (XX) and dimers (XXIII). These depolymeri- 


HO(CHj)9COOH 

XIX 

HO(CHs)ijCOOH 

XXI 


HO(CHj)i,COOH 

XXII 


CH2(CHs)„CO 
L__o-1 

XX 


CHg—(CHs)«—CO 

1 1 

Q 0 «-8, 11, 12 

1 I 

OC-(CH2)„—CH* 

XXIII 


zations are accomplished by heating the polyester with catalysts such 
as chloride or stannous chloride to a temperature of 270® 

under 1 mm. pressure. The yields of monomer are rather high and 
constitute another synthetic method for the production of macrocyclic 
lactones. It is interesting to note that the ratio of monomer to dimer in 

*• Sachse, Ber., SS, 1363 (1890); Z. physik. Chem., 10, 203 (18S^); Medir, J. prakL 
Chem., [2] *8, 316 (1918); [2] lOS, 316 (1922). 

Hill and Carothers, J. Am. Chem. Soe., 68 , 6031 (1933). 

*» Spanagel and Carothera, ibid., 68 , 664 (1936). 
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case XXII was 15 to 1 while for compound XIX the same ratio was 
0.17 to 1. 

This curious effect illustrates the greater ease of ring formation in 
the case of large rings as compared with those of intermediate size.** 
It may be that the effect of hydrogen blocking proposed as an addendum 
to the Sachse-Mohr theory ** by Stoll and Stoll-Comte is still partially 
active in the small ring. 

Polyesters from Polybasic Adds and Polyhydiic Alcohols. These 
polyesters are usually referred to as alkyd resins. When both the acid 
and alcohol are bifunctional, a linear polyester is produced. Higher 
functionality in either the alcohol or acid leads to the formation of 
three-dimensional polymers. These are referred to industrially as heat- 
non-convertible and heat-convertible types, respectively. 

Linear Polyesters. The simplest dibasic acid is carbonic acid, and 
a number of polymeric carbonates have been prepared.*^’ The 
simplest of the glycol esters, ethylene carbonate, is well known and 
exists as a monomeric five-membered ring (I).®* The higher carbon- 

a Hj 0 

il 

Hs H0(CH2)„—[0C0(CH2)„],—OH 

I II 

Ates may be prepared by an ester interchange between the glycol and 
ethyl or butyl carbonate, a reaction W'hich proceeds smoothly in the 
presence of a catalyst such as metallic sodium. Glycols of the type 
HO(CH 2 )nOH have been employed in which n ranged from 3 to 14 and 
also where n = 18. The method of preparation indicated a structure 
shown in II in which the chain was probably open and the terminal 
groups were either hydroxyls (from the glycol) or carbethoxy (as from 
ethyl carbonate). Trimethylene carbonate is of particular interest. It 
may exist either as a monomeric six-membered ring or as a linear poly¬ 
ester in which x is 38-45. Interconversion of the forms was found to 
proceed readily under the influence of heat and catalysts. This peculiar 
behavior of six-membered rings has been noted previously. These 
straight-chain ptjiyesters were powders, with the exception of hexa- 
methylene cai^kate, which was obtained in the form of tough, elastic 
flakes. Th^ were soluble in chloroform, but insoluble in water and 
slcohol. X-ray diffraction pattams showed definite evidences of crystal- 

» CwnXhen and Hill, iUd., U, 6043 (1933). 

wSti^ and StoUComte, Belt. Chim. Acta, IS, 1186 (1930). 

MCip'Others and Van Natia, J. Am. Ckem, Soc., M, 314 (1930). 

W Vorl&nder, Ann., tM, 186 (1894). 
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Unity in all cases. An attempt was made to force depolymerization of 
these linear esters, and it was found that, under the influence of heat 
(temperatures between 200-300°) and an ester-interchange catalyst 
such as sodium, both polymerization and its reverse could be effected. 
A number of monomeric and dimeric cyclic esters were obtained. 
Monomers containing rings of seven to twelve atoms were especially 
difficult to obtain, a fact which is in keeping with the Sachse-Mohr 
theory ** in its modified form.^’ 

A number of oxalic acid glycol esters have been prepared and studied 
by Carothers, Arvin, and Dorough.“ Ethylene oxalate (III) was 

/% 

OC CH 2 

I I 

OC CHj 

\o/ 

in 

prepared from ethyl oxalate and ethylene glycol, and was found to 
exist in several forms. The six-membered cycUc monomer (III) was 
obtained from distillation of the polymer (IV, n = 2) in vacuo. The 
monomer is macrocrystalline and may be hydrolyzed very readily. It 
is partiaUy transformed on standing into a powdery, microcrystaUine 
polymer (IV, n = 2). The change is accelerated by moderate heat and 
catalyzed by acids and alkalies. The polymer hydrolyzes easily. It was 
obtmncd in two different forms, one melting at 159° and the other at 
172°; the lower-melting material is more soluble than the other variety 
and has a molecular weight of about 2400. The other is probably a 
higher form. Samples of intermediate melting points seem to be 
mixtures of these forms. The polymers show some tendency to depoly- 
merize spontaneously. 

Other oxalates prepared were the propylene, trimethylene, hexa- 
methylene, and decamethylene esters. The propylene ester was found to 
exist both as a monomer and a linear polymer which were interconvert¬ 
ible by heat. Polymerization was less rapid than in the case of ethylene 
oxalate. The three others were polymeric forms which resembled the 
linear polyesters previously obtained. These white powders were sub¬ 
jected to depolymerization conditions and monomers of the higher 
esters were obtained,” while a dimer of trimethylene oxalate was found.” 

Other esters of this general nature have been prepared,** including 

•• Cwotheni, Arvin, and Dorough, J. Am. Chm. Soc., 81, 3292 (1930). 

W CaroUxers and Arvin, ibid.. 61, 2660 (1929). 


HO(CH2)„[OCOCOO(CH2)„],OH 

IV 
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elJiylene malonate, ethylene succinate, trimethylene succinate, ethylene 
adipate, trimethylene adipate, hexamethylene succinate, hexamethyl- 
ene adipate, ethylene sebacate, trimethylene sebacate, decamethylene 
succinate, hexamethylene sebacate, decamethylene adipate, decamethyl¬ 
ene sebacate, ethylene maleate, ethylene fumarate, ethylene phthalate, 
trimethylene phthalate, hexamethylene phthalate, and decamethylene 
phthalate. These esters probably exist in the polymeric form as long 
chains. All of them of the type V are microcrystalline solids with the 

—0(CH2)x0C0(CH2)„C(>— 

V 

exception of ethylene malonate. The melting points are not very sharp 
and are dependent somewhat on the rate of heating. Molecular weights 
vary from 2300 to 5000. All the esters are quite viscous when molten. 
The phthalate esters are resinlike, and were not obtained in a crystalline 
form. All the esters are non-volatiJe, and are insoluble or nearly so in 
water, alcohol, petroleum ether, and ether. They are all somewhat 
hygroscopic. These higher esters may be depolymerized by heating at 
270° imder 1 mm. pressure for several hours in the presence of a catalyst 
such as stannous chloride or magnesium chloride to yield cyclic mono¬ 
mers or dimers.“ This reaction affords a good method for preparing 
these. 

Ethylene succinate, one of the simpler esters, was investigated with 
the view of determining the structure.®® This polyester was prepared 
by heating a mixture of the acid and the glycol and finally removing the 
excess glycol by distillation in vacuo. The neutral ester, of molecular 
weight about 3000, was shown to be a linear structure with glycol 
hydroxyls acting as terminal groups. These hydroxyls were not ester- 
ified by acetic anhydride, but succinic and p-bromobenzoic anhydrides 
provided the expected products when the reaction was carried out at an 
elevated temperature. The products had compositions agreeing with 
formulas VI and VII. 

HOOC(CH*)sCO—[0(CH,),OOC(CH*)2 C(>]js—OH 

VI 

p-BrCja 4 CO—[0(CHd,OOC(CH,)jCO],r-O(CH,)*O0CC«H4Br--p 

VII 

It was found that polymerization could proceed by a process of ester 
interchange, since di-(/3-hydroxyethyl) succinate was transformed into 

•* Bpanagel and Carcrtliers, ibid., B7, 929 (1936). 

*• Carothen and Doroiui^, ibid., #*, 711 (1930). 
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the neutral polymer on heating. A number of these di-03-hydroxyethyl) 
esters have been prepared by Shorland by heating an excess of ethylene 
glycol ■with the acids at 100°. On warming to 160° they polymerize 
slowly, and on heating to 260° they are converted to the polyesters 
previously observed. This indicates that large molecules may be built 
up through an ester-interchange reaction. A dimeric product was also 
found by Carothers et aZ.** to exist as a many-membered ring. This was 
obtained in small amounts as one of the products of thermal decomposi¬ 
tion of the linear polyesters. It was also found possible to obtain super- 
polyesters from the lower polymers. These high-molecular-weight poly¬ 
mers exhibited the property of forming fibers that changed from opaque, 
brittle filaments to transparent, oriented, tough fibers on being subjected 
to cold drawing. This property does not appear until the molecular 
weight reaches about 9000. For a useful degree of strength and pliability 
a molecular weight of about 12,000 and a molecular length of not less 
than 1000 A seem requisite.^® 

The acidic polymeric ethylene succinates were also prepared. Heat¬ 
ing the glycol with an excess of (he acid produced linear esters in which 
the degree of polymerization varied from 6 to 23. These esters were 
acidic in reaction, and were of the general form VIII in which succinic 

HOOC—(CH2)jCO—[ 0(CH2)200C(CH2)2C0].—OH 
viu 

acid residues occupy the end groups. It should be emphasized that 
high-raolecular-weight polyesters can be obtained only by use of pure 
glycols and pure dibasic acids in exactly equimolecular amounts. It 
was the realization of the importance of these two factors by Carothers 
that enabled him to set up conditions which would produce useful 
pKjlyesters. 

The general properties of these linear polyesters may be summar¬ 
ized briefly. They are generally microcrystalline powders of varying 
molecular weight. Adoption of a stringent reaction environment results 
in the formation of superpolyesters of molecular weights up to about 
26,000. Certain molecular ranges proAnde pol)nner8 which exhibit the 
phenomenon of cold-drawing. All the polyesters are quite viscous in 
the molten state. Volatility decreases with increase in molecular size 
partly owing to the increase in intermolecular forces. In general, com- 
poxmds with molecular cohesions above 75,000 calories cannot be dis- 


Shorland, B7,116 (1936). 
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tilled, and molecular coheeions of the polyestera, which have been 
calculated as 250,000 to 300,000 calories from the data of Meyer,** are 
far above this value. 

Depolymerization can be effected very easily if the monomeric unit 
ester is a six-membered ring, but under more stringent conditions the 
polymers of the general type (IX) are subjected to an ester-interchange 
reaction and obtained as monomers (X) or dimers (XI). The carbon¬ 
ates and oxalates undergo this change more readily than the higher 
acid esters. 

HO—(CHj)*—[OOC(CHi),COO—(CHs)x]„—OH 

DC 

OC—0—(CH,) —0—CO 

I I 

(CHs)„ (CHs), 

OC—O—(CH2)x—O—CO 

XI 

Three-Dimensional Polyesters. If one of the molecular species 
employed in the esterification reaction contains more than two func¬ 
tional groups, a new type of polymer results, and the propierties of these 
polymers are totally different from the previously encountered linear 
pwlymeric esters prepared from dibasic acids and dihydric alcohols. 
As representative of the difference between the two types of polymers, 
the reaction products of phthalic anhydride with ethylene glycol and 
glycerol serve admirably for illustration. The reaction of phthalic 
anhydride with ethylene glycol has been studied by Kienle and Hovey.*® 
The reaction is a simple esterification which under the usual conditions 
goes vay rapidly at the start. The number of reactive groups grows 
lower near the end of the reaction. The acidity decreases and the molec¬ 


Temferatcbii, 

Tme at Which Esterifica¬ 
tion = 95 Per Cent, 

“C. 

minutes 

190 

1000 

220 

220 

230 

145 

2fi0 

55 


ular weight and viscosity rise. The dependence on temperatiu« is 
shown m the table. The polymer is unable to undergo cross-linking; 

* Carother* and Arvin, ibid., SI, 2660 <1929). 

•• Meyer, Z. angew. CHem., il, 943 (1928). 

** Ktrale and Hovey, J. Am. Chem. Soc., M, 3636 (1930). 
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and the final product is similar to XII. The end groups may be car¬ 
boxyls or hydroxyls. The properties change slowly and continuously 
with increasing molecular size. 


O COOH CO—OCHjCHjO—CO 

COOCHjCHjOOCf^ 




|^^COOCH,CH,OOC|^^ 
(!)H, 

(!;h,oh 


XII 


When glycerol is substituted for ethylene glycol, a new feature is 
introduced. This reaction has been studied by Kienle and co-workers, 
who have also investigated the reaction between glycerol and other 
dibasic acids such as succinic, adipic, and sebacic. Temperatures 
in the neighborhood of 200° were employed. The reaction between 
phthalic anhydride and glycerol was strongly exothermic at the begin¬ 
ning and was about one-half completed at the end of one minute. This 
probably was the stage where the anhydride was used up and thereafter 
esterification involved reaction of a carboxyl group and a hydroxyl 
group. When the esterification was about 75-79 per cent complete, 
gelation occurred. These steps have been interpreted by Honel" and 
by Schlenker.*^ The first-stage esterification reaction occurs with the 
a-hydroxyl groups of the glycerol, and the polyesters formed retain a 
linear structure. This is in agreement with the evidence that the 


fsJ^COOCHjCHOHCHjOOCr?'^ 


cooch,chohch,oocI^3 


^^OOH 






XIII 


a-hydroxyl groups of glycerol are more reactive than the /3-hydroxyl.“ 
Continuation of the reaction, however, necessitates the entry of the' 
/3-hydroxyl groups into ester linki^^es. When this occurs a three- 
dimensional molecule results as a consequence of cross-linking: 

« Kienle and Hovey, ibid., 61 , 609 (1929). 

*• Kienle, van der Meiilcn, and Petke, ibid., 61 , 2268, 2268 (1939); Kieide and Petke, 
ibid., M, 1063 (1940); 68 . 481 (1941). 

H6nel, Kunatstoffe, 81 , 76. 105, 132 (1931). 

Schlenker, AUgem. Oel~ u. Fett~Ztg., 89 , 668 (1932). 

** Fairboume and Cowdrey, J. Chem. Soc., 129 (1929). 
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^^^OOCHjCHCHaOOCS^ 


OOCf^ 


OOCj^s^ 

OOCl^ 

CHs 


OCOCHaCH—CH 2 OOC' 


U 


0001^=*^ 


coo— 


0 C00—CH 

COO CHiOOCj^^ 


CH 2 O— 

I I 

CH 2 COO—CH 

CH—OOCf«^=^^ CH 2 O— 


XIV 


kJ 

CHjOOCi^^*^ 

—oock^ 


The fonnation of these high-molecular-weight three-dimensional mole¬ 
cules is responsible for the gelation of the polymer and gives it the 
quality of heat-convertibility. These macromolecules are both infusible 
and insoluble, and the degree to which the resin possesses these proper¬ 
ties is related to the number of these high-molecular-weight molecules 
which are present. An excess of phthalic anhydride over glycerol should 
be effective in producing a greater degree of cross-linking, and such an 
effect has been found.** 

The properties of these polymers may be modified by the introduc¬ 
tion of a monobasic acid. If an excess of phthalic anhydride is avoided, 
the addition of a monobasic acid followed by heating to complete 
esterification will result in a molecule of the type (XV) which is an 


OCOR 


(^'**^COOCH,(!:HCH*OOCf^^ 




00 — 


XV 


COR 

I 

0 

C00CH2AhCH200C|^>^ 

I 

CHs 

dlHOCOR 

il 




5H,0— 


« fiugiBioto, Beptt. Imp. Ind. JUttorA Jntt., Otofm, Japan, 14, ( 18 ) 11 ( 1038 ). 
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approximation of a linear molecule. In practice, ester-interchange 
reactions compete with straight esterification, and gelation due to cross- 
linking usually stops further reactions. 

Many modifications of this reaction exist. For example, if an 
unsaturated long-chain acid is used as the monobasic acid, the resultant 
polymer may undergo a further degree of polymerization through a 
“drying” mechanism similar to that observed in the drying oils. In¬ 
corporation of other polymers or plasticizers is frequently necessary to 
produce commercial products of the required nature. 

The use of many other acids and alcohols has been proposed. Many 
of these are noted by Ellis.*’ For example, pentaerythritol and the 
sugar alcohols, sorbitol and mannitol, have been employed with phthalic 
anhydride or other acids to produce plastics. Wide variations are 
possible, depending on the commercial use for which the polymer is 
designed. Garvey, Alexander, Kiing, and Henderson ** have made some 
rubberlike mixed polymers by vulcanizing polyethylene tartrate by 
cross-esterification of its hydroxyl groups with a little succinic acid. 

Polyamides 

The polymeric amides may be divided into two classes in the 
same fa^ion as the polyesters. In one of these classes may be 
placed those amides derived from amino acids; the second group will 
comprise those polymers formed from two or more molecular species, 
as polybasic acids and polyfunctional amines. Their properties and 
structures are in general related to the esters which have already been 
discussed. Their importance, however, lies in their relation to the 
most important of the great groups of naturally occurring macromole¬ 
cules, the proteins. The chemical properties of the amide linkage, upon 
which the structure of the proteins is based, are exemplified by the 
behavior of the simple polymeric amides. The problem of protein 
structure, however, is more difficult than would be suggested by elemen¬ 
tary studies of these compounds. Polypeptides have often been pre¬ 
pared in the laboratory, but no protein has ever been synthesized. It 
has been generally accepted that proteins are macromolecules made up 
of more or less complex amino acids bound together through amide 
linkages. As such, they may be regarded as macromolecules derived 
from a mixture of amino acids through a process of condensation copoly¬ 
merization. 

*’ EUiB, ‘‘The Chemistry of Synthetic Resins," Vol. II, Reinhold PublM<ing Corp-, 
New York (1936). 

“Gnrvey, Alexander, Khng, and Henderson, Ind. Eng. Chsm., SS, lOflO (1941). 



722 


ORGANIC CHEMISTRY 


Polyaxnides from Amino Acids. like the hydroxy acids, the amino 
adds undergo various reactions with themselves, depending on the 
relations between the functional groups. 

ITie «-amino acids (I) have received much attention because of their 
relation to the protdns. The free a-amino acids are quite stable at room 
temperature, but their esters (II) readily go over to the cyclic analogs 
of the lactides, which are called diketopiperazines (III). This reaction 
waa observed for the glycine ester (II, R = H) by Curtius in 1883.** 

R R 

NH,CHCO,- NHjCHCOjCiHt 

I II 


CHR 

/ \ 
NH CO 


CO NH 

\ / 
CHR 


III 


Once this six-membered ring is formed, there seems to be no tendency 
for the ring to open and a chain polymer to form as is the case with 
lactides (p. 707). 

Under certain conditions the a-amino esters do react to produce 
Uneaar polyamides (IV). Curtius*® reported that a tetramer of glycine 

NHjCHCOINHCHCOjxNHCHCOjCgHs 

I I I 

R R R 

IV 

(IV, R = H; X = 2) was formed along with the diketopiperazine when 
the glycine ester was allowed to stand in the presence of a little moisture. 
In dry ether the polymer is formed in greater yields. By heating the 
tetramer he obtained a product which was described as the anhydride of 
the octamer (V) which was hydrolyzed by hydrochloric acid to the 
hydrochloride of the open-chain polyamide (VI). 

—[NHCHjCO].- > ClNHsCHaCOINHCHjCOlTOH 

v VI 

Fischer” heated the methyl ester of diglycylglycine (VII) at 100“ 
for a half hour and obtained the methyl ester of pentaglycylglycine 
(VIII) along with higher polymers. Surprisingly enough he was unable 

NH^HsCONHCH*CONHCH,COjCH, -♦ NH,CHjCO[NHCHkCO]sOCH, 

VII VIII 

" CttfrtiuB, Ber., 1«, 768 (1883). 

•• Oartitw, Ber., 87, 1284 (1804). 

*> £1|c)wr, Bar., 88. 483 (190A). 
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to cause a similar reaction to occur jvhen the tetraglycine ester was 
heated to 100®.“ 

Frankel and Katchalski“ have prepared from the ethyl ester of 
glycine a number of higher polypeptides which are hornlike and water- 
insoluble. The degree of polymerization had to be estimated by analyti¬ 
cal methods since the products were somewhat intractable. This poly¬ 
amide had from twelve to twenty glycine units, depending on the 
method of polymerization. 

More recently Pacsu “ has given a preliminary report on the produc¬ 
tion of higher polyglycines. By heating the ester of the hexapeptide 
(IX) to 102° he observed that molecules containing 12, 24, 48, and 96 
glycine units (X, n = 12, 24, 48, and 96) were produced. In each case 

H[NHCH2C0]60CH3 H[NHCH2C0]»0CH3 

IX X 

this corresponds to 3 X 2" units and represents a doubling of the molec¬ 
ular size at each stage. The molecular weights were followed by 
methoxyl determinations. By heating the hexamer (IX) for six days 
at 130°, the methoxyl content was reduced to 0.58 per cent, which cor¬ 
responds to the polyamide with 96 glycine units (X, n = 96). Starting 
with the tripeptide ester (X, n = 3), the hexamer formed first and then 
the dodecamer. No nonapeptide was produced. The products were 
colorless and amorphous and were undoubtedly mixtures. Their chem¬ 
ical properties showed marked resemblance to those of denatured 
proteins. 

Balbiano and Trasciatti “ heated a mixture of glycine and glycerol to 
150-170° in a sealed tube to give a glycine polymer which was a yellow 
amorphous material. Maillard “ studied the reaction and showed that 
polymers of varying chain length are produced. The tetramer and 
hpvaTTier were described. He proposed that glycerol esters of glycine 
were intermediates in the polyamide formation. Maillard and also 
Meyer and Go “ found that the main product was always the simple 
diketopiperazine. 

Many methods have been devised to synthesize polyamides from 
a-amino acids by using derivatives. These more properly belong to a 
discussion of proteins and are not to be considered here because of lack 
of space. 

“ Fischer. Ber., 89, 2893 (1906). 

“ Frankel and Katchalski, Nature, 144 , 330 (1939). 

•* Paosu, ibid; 144 , 661 (1939). ^ 

" and Trasciatti. Ber., 88, 2323 (1900); Ballnano, Ber., 84, 1601 (1901) 

Otua, cfttfli. ittd; 88, (1) 410 (1902). 

•• Maillard. Ann. chim., [9] 1. 619 (1914); [9] 8, 210 (1914). 

“ Meyer and Go, Bebt. Chim. At^u, IT, 1488 (1934). 
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The /3-ammo acids do not form pwlymers on heating but lose 
ammonia. The y~ and S-amino acids readily pass into the corresponding 
lactams, and neither the five- or six-membered lactams show a tendency 
to rearrange to polymeric amides. 

e-Aminocaproic acid (XI) on heating gives a mixture of cyclic lactam 
(XII) and polymer (XIII).“ The lactam exists to the extent of 6-10 

NH2(CHi)sC02H NHCCHjIsCO H[NH(CH2)6CO]„OH 
XI XII XIII 

per cent in the equilibrium mixture. The polymer is a white wax, 
insoluble in most organic solvents except formic acid or phenol. It is 
soluble in hot formamide, from which it separates as a microcrystalline 
powder. The molecular weight is in the range of 800-1200, indicating 
about 10 imits in the chain (XIII, n = 10). The nature of the end 
groups is not definitely known, but presumably the amino group is 
present, since derivatives with acid chlorides and anhydrides are ob¬ 
tained. The polymer is alkali-insoluble. Heating this polymer in a 
molecular still at 200° for forty-eight hours gives a distillate of lactam, 
and the residual polymer becomes harder and tougher.^® No data on 
molecular weight have been reported on this modified product. 

f-Aminoheptoic acid gives a polymer when heated, and this polymer 
is reported to be soluble in mineral acids and hot aniline. Extensive 
studies have shown that the higher amino acid polymers have the same 
solubility as the polymer from e-aminocaproic acid. They do show 
different melting points. 

Polyamides from Diamines and Dibasic Acids. Amide formation 
between dibasic acids and diamines has been reported many times in 
the older literature but the products received little attention.®* Some 
of these substances were low-molecular-weight cyclic amides, and some 
were infusible and insoluble, indicating their polymeric nature. 

A detailed investigation of the formation of pol 3 nneric amides from 
diamines and dibasic, acids was carried out by Carothers.®* Substantia- 
ally equimolecular (amounts of a diamine and a dicarboxylic acid or an 

“ Gabriel Ktaaeg, Ber., SS, 1266 (1869); Carotbera and Berohet, J. Am. Chem, 
Soc., 53, ; U. S. patents, 2,241,321; 2,241,322; 2,241,323 (1941). 

" Carotbns and Hill, J. Am. Chem. Soc., 54, 1566 (1932). 

« Manasse, Ber., 86, 1367 (1902); v. Braun, Ber., 40, 1834 (1907). 

“ Carothers, TJ. S. patent, 2,071,268 (1937). 

"Hscher and Koch, Ann., 833, 227 (1886); Hofmann, Ber., 5, 247 (1872); Freund, 
#er.. AT, 137 (1884); Andcslinl, Gate, ehinu ilal., 84, (I) 397, (1804); Ber., 87R, 408, 404 
GSM) ; Fischer, Ber., 44, 2604 (1013); Meyer, Ann., 84T, 17 (1906); Rug^, Arm., 898, 
IB (1912); Butler and Adams, J. Am. Chem. 8oc., 47, 2614 (1926), 

»»Carothers, U. 8. patents, 2,130,623; 3430,M7; 2,130,048 (1988). 
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amide-forming derivative of the acid were heated under condensation 
conditions at temperatures between 180° and 300° in the presence or 
absence of a diluent. The amides to which the greatest interest was 
attached were those in which methylene groups in chains of varying 
length separated the functional group®. The molecular weight of the 
product dep)ended upjon the conditions imposed during the reaction. 
Under prolonged heating with suitable arrangements for escape of the 
volatile products of the condensation, the molecular weight reached large 
values. No method was available for exact estimation of these values, 
but the range was very probably of the same magnitude observed for the 
polyesters obtained from glycols and dibasic acids. The size of the mole¬ 
cule, however, could be controlled within limits by using either of the 
reactants in slight excess. The amount used in excess determined in 
each case the extent of the reaction. Since the reaction was essentially 
stopped under these conditions, the viscosity of solutions of the polymer 
assumed a constant value that was not altered appreciably on further 
heating. Hence, the excess reactant was referred to as a “viscosity 
stabilizer” and these polymers as viscosity-stahk-polymers. 

The reaction may be carried out in a number of fashions. One 
convenient method is to prepare the salt by combination of approxi¬ 
mately equal amounts of the acid and amine. If a suitable solvent is 
employed, the acid and amine may be used in solution and the salt 
obtained as a crystalline precipitate. Such a procedure is pjossible with 
hexamethylcnediamine and adipic acid; an alcohol-water mixture may 
be employed as the solvent. These salts are relatively insoluble in 
acetone, benzene, and ether, but they are usually soluble in water. 
Recrystallization of the salts may be effected if necessary. The simplest 
means of obtaining the polymer is to heat the salt under fusion condi¬ 
tions (180-300°) in the absence of oxygen.” 

The polyamides so produced generally have high melting points and 
low solubilities. They are usually soluble in hot glacial acetic acid, 
formic acid, and phenols, but insoluble in the other common organic 
solvents. However, if side chains are present, as in the products from 
3-methylhexamethylenediamine, /3-methyladipic acid, and similar com¬ 
pounds, the polyamides become soluble in a wider range of solvents, 
including some alcohols. This is also true of copolymers. The poly¬ 
amides are also soluble in anhydrous hydrofluoric add. Hot acids such 
as sulfuric or hydrochloric hydrolyze the amides to the component acids 
and bases. Strong alkali will also bring about hydrolysis. The melting 
points of these polyamides are somewhat uncertain, owing to variations 
in methods of preparation, but imder the same conditions they are fairly 
•* Graven XT. S. pateit, 2,166.2fi3 (1939). 
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sharp and reproducible. In general, the melting points decrease with 
increase in unit length of hydrocarbon chain and with substitution. 
Some of these melting points are shown in the table. 


PbtrAMTDJi Fbom M.P., °C. 

EthylenediAmine; sebaoic acid 254 

Tetramethylenediamine; adipic acid 278 

Tetrametbylenediamine; azelaic acid 223 

Pentametbylenediamine; malonic acid 191 

Pentamethylenediamine; adipic acid 223 

Pentamethylenediamine; azelaic acid 178 

Hexamethylenediamine; adipic acid 263 

Hexamethylenediamine; sebacic acid 209 

Octamethylenediamine; sebacic acid 197 

Decamethylenediamine; oxalic acid 229 

Piperazine; sebacic add 153 


Those polyamides with a molecular weight above about 7000 are 
particularly useful since they possess the unusual property of forming 
strong fibers. Filaments may be obtained from a molten mass of the 
polyamide by an extrusion method. They are also obtained from 
solutions of polyamides by extrusion into a heated chamber for solvent 
evaporation, or into a bath of some liquid miscible with the solvent 
but a non-solvent for the polymer. Phenol solutions of polyamides can 
be used with an aqueous alkaline spiiming bath, and formic acid solu¬ 
tions can be used for the evaporation process. The filaments are then 
subjected to cold-drawing, i.e., stretching. Under the influence of this 
stress the fiber becomes oriented and takes on a high degree of strength 
along the axis of the stress. The orientation is evidenced by x-ray 
studies showing a fiber diffraction pattern. These fibers are also 
optically anisotropic: a strong birefringence with parallel extinction 
may be observed under crossed Nicol prisms. The extent of cold draw¬ 
ing may be 100 per cent or higher (200-250 per cent); failure in one 
instance did not occur until an elongation of 452 per cent. The result¬ 
ing fibers are quite elastic and tough, and retain a high wet-strength. 
Their properties tltos make them extremely attractive from the com¬ 
mercial point of view. Polyamides of this type are called “nylons” 
and are being markets as fibers. These polyamides are also being 
used for the manufacture of bristles. 

There is no well-developed field of polymeric amides corresponding 
to the alkyd remns. Such compoimds are possible, of course, but no 
({^tailed investigation of their properties has appeared. There are, 
however, a number of naturally occurring polyfunctional amino acids, 
sadi ns lysine (I), glutamic acid (II), serine (III), and ornithine (IV), 
whi<^ omnplete condensation would yield branched-chain polymers. 
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Some of these cross-linked pol 3 rmers may perhaps exist in nature, but 
they are at present unimportant as synthetic polymers. 

HjNCHaCHjCHjCHsCHCOOH CH2COOH 

i I 

NHs CH2 

^ 1 

HsNCHCOOH 

II 

HOCHaCHCOOH H2NCH2CH2CH2CHCOOH 

I I 

NHj NH* 

in rv 

Urea-Formaldehyde Polymers 

The urea-formaldehyde resins are very important since they are 
made from low-cost raw materials, have good thermosetting properties, 
excellent color, attractive appearance, and good life. They have 
received much scientific study, but the reaction of their formation is 
still not completely understood. Many intermediate products have 
been isolated and characterized by the investigators of this reaction,® 
but it is not certain now that all these products are chemical individuals 
or that they are formed in the normal polymerization process. 

It is now generally believed that urea and formaldehyde react 
reversibly in the presence of acid and basic catalysts to produce methylol 
urea (I) and dimethylol urea (II). 

NHsCONHs - 1 - CHjO NH2CONHCH2OH CH2OH 

I I 

NH 

1 

CO 

I 

NH 

1 

CHjOH 

II 

“Gold«chimdt. Ber., S9, 2438 (1896); HCIaer, Ber., 17, 669 (1884); 18, 3302 (1885); 
LQdy, Monatsh., 10, 296 (1889); J- Chem. Soc., 56, 1059 (1889); ToUens, Ber., S9, 2751 
(1896): Einhorn, Ann., 361, 113 (1908); Einhom and Hamburger, Ber., 41, 24 (1908); 
HodginB and Hovey, Ind. Eng. Chem., SO, 1021 (1938); 31, 673 (1939); Kadowaki, Bull. 
Chem Soc. Japan, 11, 248 (1936) ; Repls. Imp. Ind. Research Init., Osaka, Japan, 7, No. 6 
(1926): 18, No. 3, No. 6 (1932): 14. No. 6 (1933): 14. No. 11 (1934); 16. No. 6 (1935): 
Hemmelmayr, Monatsh., 18, 94 (1891); Dixon, J. Chem. Soc., 238 (1918); Scheihter, 
Troetler, and SohoU, Z. angew. Chem., 41, 1305 (1928); vsm Laer, Bull. »oc. Aim. BAg., 
18 381 (1919); Staudinger, Ber., 59, 3019 (1926); Walter and OeBterrrodi, KoUoid-Beir 
34, 116 (1931); Walter and Lutwak, ibid., 40, 188 (1934); Waiter, KoUoid-Z., 57, 
229 (1931) ; Walter and Gewing, KoRoid-Beihefle, 84, 163 (1931); Walter, Trans. Faraday 
Soc., 88, 3^ (1936); de Cheene, KoUoid-BeAefte, 86, 387 (1932); Bedfam, Brit. Plastics, 
6, 2% (1833); Ellia, U. S. patent, 2,116,660 (1938). 
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Further heating of either of these products results in polymer for¬ 
mation. This may occur by dehydration of the monomers to give 
methylene (III) and dimethylene urea (IV) which then polymerize by 
an addition mechanism. 

NHj N=CHa 

I I 

CO CO 

1 I 

N=CH, N=CHj 

III IV 

The dimethylene urea would be the constituent of the pol 3 Tnerlzation 
mixture which would cause cross-linking. More probably, however, the 
polymerization proceeds by a stepwise loss of water between the mole¬ 
cules of methylol and dimethylol urea. On this basis the dimethylol 
urea is responsible for the cross-linking. It is known that methylol 
urea liberates formaldehyde on heating, and this may combine with 
more methylol urea to give dimethylol urea. Hence the polymer 
produced from pure methylol urea as a starting material will still be 
very complex. 

No strictly accurate scheme for this polymerization reaction can 
be written, but the following may be considered a possible route from 
methylol and dimethylol urea (V) to the final cross-linked polymer (VI). 


HO-CHj-NH HN-CH,[OH HtN-H -CHrNH NH-CHrN-H 

CO _ CO CO to CO CO 

H+N-tlTv HN-CH.-N H-NCHi- 

''\\ 

H-ljf-H HN-CH^OHj l|fHCH,OH -N-H H-N NHCHr 

CO _ CO " _ CO CO CO O) 

HN-CH, fOH Ht N-CH jOH~Hf NH HN-CH,-N-CH,-l!jH 

V VI 


Another possible intermediate is a cyclic derivative (VTI) which 
could react with itself to produce a polymer with the six-membered ring 
in its recurring unit (VIII). Cross-linking, which can also occur in this 


CO—NH 

/ \ 

HN CH* 

\ / 

CH*-N 


r CO—NH 

/ \ 

H— N CH* 

\ / 

CH*- 


CONHCHjOH 

VH 


CO—NH—CH,J»—OH 

VIH 
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type (IX) of intermediate, would account for tne insolubility and 
infusibility of the hnal polymer. Recently, it has been suggested *• that 


CO—N— 

—^CH, 

io—NHCH, 


H 

N—CO 

dEt ^N— 


-N' 


CHr 

CO-A 


-NHCO—N 


CjH, 




CH, 


i 


O—NHCHi 


nc 


CO—N— 

\;h, 

io-NH— CHr 


methylene urea (III) may trimerize through the methylene-imine 
groups and that this trimer (X) may then react further with formalde¬ 
hyde to give new methylene-imine groups which in turn form six- 

CHj 

/ \ 

NH2CO—N N—CONHj 

I 1 

CH2 CH2 

\n/ 

1 

CO 

I 

NH, 

X 


membered rings. This picture of the reaction accounts for the high 
degree of branching and cross-linking which occurs in the resins of this 
type. 

Whatever the exact method of condensation, urea-formaldehyde 
polymers can be made which are water-soluble. Heating these produces 
a glasslike gel, and further heating gives the well-known product of 
commerce. The water-soluble resins are widely used in treating textiles. 
The powders are used as molding resins. 

Another recent variation in the formation of the final polymer is the 
use of the ethers of the monomethylol (XI) or dimethylol derivatives 

" J, T. Thurston, “Chemistry of Melamine Resins,’’ Gibson Islmtd Conference on 
Polymeric Materials (1941). 
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(XII) of urea," which are easily made by carryii^ out the condeosation 
of urea and formaldehyde in the presence of an alcohol. These ethers 


NHCHjOR NHCH2OR 

I I 

CO CO 



NHCHiOR 

XII 


undergo condensation polymerization to produce essentially the same 
polymers as the methylol derivatives themselves. 

It is of interest to note that neither symmetrical ** nor unsymmetrical 
dialkyl ureas give polymeric materials with formaldehyde. With the 
symmetrical derivatives (XIII) a product is formed from two molecules 
of the urea and two of formaldehyde with the loss of one molecule of 

RNHCONHR R2NCONH2 

XIII XIV 


water. The unsymmetrical derivative (XIV) gives a methylene diurea 
(XV). 

R2NCONHCH2NHCONR* 

XV 


Melamine-Formaldehyde Polymers 

The melamine-formaldehyde resins are similar to those derived 
from urea and formaldehyde. Melamine is 2,4,6-triamino-l,3,5-triazine 
(I) and is prepared commercially from cyanamide through the inter- 


NH, 


N N 


I 11 

H»N—C C—NH, 


I 


mediate formation of dicyandiamide.** It may be condensed with 
formaldehyde to form melamine methylol derivatives, and these may 

Hedgiiu Euid Horey, Ind. Eng. Chem., SI. 673 (1039) i Soren»on, U. S. patent, 2,101,. 
074 (1040). 

** 8<|teit>ler, Troctler, and Sdiola, Z, angttc. Chem., 41, 1305 (1928). 

*» tfeCleUan, Jnd. Eng. Chem.. SS. 1181 (1040). 
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be heated to fonn. thermosetting polymers.™ The reaction is probably 
similar to that between urea and formaldehyde.*®' ” 

These jwlymers have recently become commercially important 
because of their superior stability to heat and light. They are used in 
molding resins under the trade name “Beetle-Melamine” and also, 
incorporated with alkyd resins, in quick-curing enamels under the 
trade name “Melamac.” 


Phenol-Aldehyde Polymers 


The reaction between phenols and aldehydes was apparently first 
investigated by Baeyer and his students in 1872.™ Many other workers 
have added to the knowledge of this condensation reaction in the inter¬ 
vening years. Around 1900, patents began to appear on these products, 
but it remained for Baekeland to demonstrate the possibilities of the 
reaction from a practical point of view. The resins first used were 
made by condensing phenol and formaldehyde with either acid or 
alkaline catalysts. Alkaline catalysts bring about the condensation of 
formaldehyde in the ortho and para positions of phenol, and this reaction 
has essentially the same chances of producing a three-<hmensional resin 
as the glycerol-phthalic anhydride combination. The two positions of 
the methylene radical (—CH 2 —) correspond to those of the anhydride, 
and the three positions in the phenol ring correspond to those in glycerol. 
A po.ssible type of pol 3 aner is shown in I, but many variations can be 
written. That the hydroxyl groups are not concerned in this reaction is 



™ Soo. pour rind. chim. & BAle, French patent, 811,804 (1937); Britiah patents, 468.677; 
468,746 (1937); British patents, 486,610 ; 486,577 (1938); S'nriss patents, 197,486-91 
(lOM) ; Deutsche Hydrierwerke A.-G., Britiefa patent, 602,720 (1939) ; Sanderson, Paint, 
Oil Chem. Rev., 16®, No. 8, 7 (1940). 

n Hodgins, Hovey. Hewett, Barrett, and Meeske, Ind. Eng. Chem., SS, 769 (1941). 
w Baeyer, S*r., 6, 26, 280,1094 (1872). 

™ Baekeland, U. S. patent, 942,809 (1909); J. Ind, Eng. Chem,, 1, 140, 645 (1009); 3, 
618, 932 (1011)! 4, 737 (1912); 6, 606 (1913). 
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indicated by the fact that the low-molecular-weight resins first produced 
are alkali-soluble. 

By use of a phenol substituted in the ortho or paro position, the 
possibilities for cross-linking disappear. By mixing a certain amount of 
such a substituted phenol with phenol itself, the properties of the final 
polymer can be greatly changed somewhat as glycerol-phthalic anhy¬ 
dride esters can be modified by introducing a certain amount of mono¬ 
basic acid with the dibasic acid. A position in the ring cannot be 
blocked with a methylol group as these can leave the ring as well as 
enter it under alkaline reaction conditions. 

Acid catalysts cause a slightly different type of polymer to form. 
Even the low-molecular-weight products first obtained are alkali- 
insoluble. Thus the phenolic hydroxyl must be used up, and this may 
be the result of ether formation between neighboring phenol groups or 
acetal formation. In either of these events we have a 2—1 combination 
rather than the 2-3 combination discussed in the case of the alkaline- 
catalyzed reaction. 

The thermosetting properties of both the urea-formaldehyde and 
the phenol-formaldehyde resins are possible because the condensation 
reactions produce the methylol intermediates, —CH 2 OH. Further 
heating causes still further condensation to occur until the infusible 
state is reached. Oil-soluble phenolic resins prepared from substituted 
phenols for use in varnishes have recently been review’ed by Turkington 
and AHen.’^ 

Other aldehydes and other phenols are used industrially for certain 
resins. Aromatic amines may be used in place of phenols, and the 
“Ciba” type resins result. However, they are formed by essentially 
the same sort of complex condensation reactions as have been pictured 
above. In the case of the amines the aldehyde also attacks the nitrogen 
atom, thus increasing the possible complexity of the final polymer.''® 
The weta-phenylenediamine-formaldehyde polymer has found some use 
in the removal of anions from water.’* 

Turkiiigton and Allen, Ind. Eng. Chem., S3, 906 (1941). 

See Sprung, Chem. Ret., M, 297 (1940), for a general review of the reaction of aminee 
and aldehsrdea. 

” Adams an4 Hohnes, J. 8oe. Chem. Ind., 64, 1-OT (1936); Schwarts, Edwards, and 
Boudreaux, /nd. Eng. Chem., SS, 1462 (1940); Myers, Eaatee, and Myers, ibid., 33,697 
(1941). 
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“Thiokols” 

Ethylene chloride and sodium polysulfide react on heating to gjve a 
polymeric polysulfide with properties resembling those of rubber (I).” 

ClCHsCHjCl + NajS, ^ —[CHjCHsS*],— 

I 


The polymeric molecule has been converted to a polyethylene disulfide 
(II) which will again take up sulfur to give the rubberlike product (III). 
The polyethylene disulfide has been reduced to ethylene dimercaptan 
(IV). The structure (III) of the polymer has been demonstrated not 


—[CH 

Reduotion 


CH2—S—S]„— —[CH^ 

II +8 

NaOBf 


—CH2-S-S]n- 

HI J J 

s s 


HSCH2CH2SH 

IV 


only by the degradation mentioned but also by synthesis. Ethylene 
dimercaptan (IV) has been oxidized to an ethylene disulfide polymer 
which on treatment with elemental sulfur has given a product appar¬ 
ently identical with the polymer described above (III). 

The nature of the polymer depends on the proportions of reacting 
materials. To get the tough rubbeiy product, the sodium polysulfide 
must be used in excess. If ethylene chloride is in excess, the polymer 
is a viscous liquid. This second polymer is of a much lower molecular 
weight than the former. A reasonable explanation for this is apparent. 
If excess polysulfide is used the end groups are undoubtedly —SH by 
breakdown of the —S—S—Na units. Since sodium tetrasulfide will 

i I 

S S 

oxidize an —SH group to an —S—S— group, this reaction may be 
responsible for polymer formation when an excess of polysulfide is used, 
and the molecule can continue to grow in this way as well as by the 
primary reaction. The —CH 2 CH 2 CI end group can react in only one 
way to cause increased molecular weight. 

The condensation products obtained when excess sodium polysulfide 
is used may be vulcanized, usually with zinc oxide and water. It seems 
likely that this process is responsible for further increase in chain lei^h 
due to oxidation of terminal —SH groups and formation of more disulfide 
units. Vulcanization of rubber is thought to involve a low degree of 

" Patrick, U. S. patent, 1,890,191 (1932). 

Martin and Patrick, Ind. Eng. Chem,, 88, 1144 (1930); Patrick, Tram, Faraday 
Soe., n, 347 (1980). 
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cross-linking of the long linear molecules. It is difficult to see how 
cross-linking is involved in the vulcanization of the “thiokols.” 

The ethylene “thiokols” are probably the most important practically, 
but many others have been prepared from such products as trimethyl¬ 
ene chloride, dichlorodiethyl ether, and propylene chloride. 

Polyacetals 

By far the most important polyacetals are the naturally occurring 
ones such as cellulose, starch, and inulin, which are discussed elsewhere 
in this book (Chapter 22). However, as considerable work has been 
done on synthetic products of this type, a few examples of them will 
be discussed. 

H. S. HiU and Hibbert have investigated acetal formation when 
^ycols are treated with acetylene. They found that the lower glycols 
pve five-, six-, and even seven-membered rings (I). The six-membered 

/% 

HC^H + H0(CH2)„0H -► CHjCH (CHj), » - 2 ,3. »nd 4 

N)/ 

I 

rmgs formed most readily, the five-membered rings next, and the seven- 
membered rings were most difficult to obtain. When octamethylene 
glycol and decamethylene glycol were used in the reaction, heavy, 
S 3 TTipy, odorless acetals of high and indefinite boiling points were 
obtained. These were undoubtedly linear poly acetals (II). 

—[CH0(CH2)„0],— 

CH, 

n « 8 cv 10 

II 

Hill and Carothers*® studied the formation of acetals (V) from glycols 
(III) and dibutyl formal (IV) with an acid catalyst. The polymers 

HO(CHs),OH + C«H,0CH20C4H» — [CH,0(CHa)„0]— + CiH.OH 

m IV V 

obtained directly by this reaction have a molecular weight of arotmd 
2000. Heating in a molecular still converts them to higgler polymers 
and to cyclic monomeric or ffimeric acetals. The poljTners obtained by 
this procedure can be oriented by cold-drawing to pve filaments. 

n S. S. HiU and Hibbert, J. Am. Chem. Soe.. 48, 3108, 8117, 3124 (1033). 

•» Hlfl and Carothare, ityid., VI, 923 (1933); CJarotbete, U. S. patent, 3,110.499 (1938). 
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Other Condensation Polymers 

In addition to the pol 3 Tiier-forming reactions, which have received 
greater attention because of the practical imp)ortance of the products, 
many others have been studied academically. Many of these are of as 
much theoretical interest as the reactions already discussed. Since they 
follow the general patterns which have been discussed, however, it is 
not necessary to go into great detail here. 

The formation of anhydrides from dibasic acids was given special 
attention by Hill and Carothers,“ although many polymeric products 
had been incompletely described in the older literature. The recent 
work on the anhydrides of the series C 02 H(CH 2 )nC 02 H, in which n = 
4, 5, 6, 7, 8, 9, 10, 11, 12, and 16, has shown that they are all linear 
polymers when prepared by the action of acetic anhydride or acetyl 
chloride on the dibasic acid. The reaction of these polymers with aniline 
proved to be very useful in distinguishing them from dimeric cyclic 
products and as a means of showing that the end groups were acetyl 
(I). The end groups give some acetanilide whereas the anhydride units 
in the chain react in a random fashion to produce dianilide, monoanilide, 

CHjCO—[OCO(CHa)„CO].—OCOCH, 

I 

and dibasic acid according to the laws of chance. These require that, 
for every molecule of dibasic acid in the chain, one-half molecule of 
monoanilide, one-quarter molecule of dianilide, and one-quarter mole¬ 
cule of dibasic acid shall be formed. The experimental results checked 
tViis as well as could be expected for these large molecules. 

Polymeric anhydrides can be depolymerized to give cyclic monomers 
or dimers. In the series of polymeric anhydrides studied by Hill and 
Carothers," polysuberic, polysebacic, and polydodecanoic anhydrides, 
when depolymerized by heating in a molecular still, gave dimeric anhy¬ 
drides having 18, 22, and 26 members in the rings. All the other poly¬ 
anhydrides in that series gave monomeric cyclic anhydrides, but the 
ten- and twelve-membered rings were extremely unstable and tended 
to revert to the linear polymer form except at liquid-air temperatures. 

Reactions which should produce polyamines, such as those of mi 
alkylene dibromide and ammonia,”' ” aliphatic dibromides and 

** mil , J. A.m. Chem. Soe., M, 4110 (1930); Hill and CaroUier#, ibid., 84,1660 (1933); 
88 , 6023 (1933). 

u TTnftniLnn, Bar.. 8, 762 (1870) : 4, 666 (1871) : 23, 3297, 8711 (1890). 

•• Mann, /. Chem, Soc., 461 (1934). 

« Van Alphen, Rec. trav. chim., 68, 412, 669, 835 (1936); 66, 343, 629, 1007 (1937) ■ 
Wt, 266 (19Si); 68, 644, 1105 (1939); 69, 31 (1040). 
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diamine,“ and a bromoalkyl alkylamine condensation,®* have been 
studied but most of the emphasis has been placed on the lower-molec- 
ulan-weight products which could be isolated. Polymeric quatemaiy 
ammonium salts have been obtained by the reaction of compounds of 
the tyiDe Br(CH 2 )„N(R) 2 , where n ■= 3,7,8,9, and 10.*® These products 
were hygroscopic solids with molecular weights in the range of 1500 to 
10,000, depending on the nature of R and the size of n. Some cyclic 
products were obtained when n = 3 and R was greater than methyl. 

Zimmerman and Lochte showed that the product of the reaction of 
diacetyl and hydrazine*® is a linear polymer (II) with a molecular weight 
between 300 and 400. Other diketones and hydrazines gave similar 
linear polyazines. 

CH, CH, CHs CHs 

II II 

H 8 NN=[C-C=N—N]„==C-C =0 

II 

Arvin ** prepared polyether resins from phenolic bodies, polyhalides, 
and polyalcohols in an alkaline medium. 

Previously, some work had been done on the formation of polyphenyl¬ 
ene ethers by the oxidation of o-cresoi,*® but the products were only 
trimers. Also, Staudinger and Staiger have used the Ullmann reaction 
to get to the hexamer stage in the polyphenylene ether series and have 
made viscosity studies of these ethers. 

Polymeric hydrocarbons have been prepared by the action of metals 
on dihalogen compounds. The work of Riese “ on the reaction between 
p-dibromobenzene and sodium was one of the earliest irvestigations in 
this field, but the nature of the polymeric products was not understood 
until Goldschmiedt** and later Jacobson*® showed that the chief product 
of the reaction, C 48 H 32 Br 2 , was probably a linear polymeric product 
having eight benzene nuclei (III). Jacobson also prepared a polymeric 



III 


Cowan and Marvel, J. Am. Chem. Soc., S8, 2277 (1936). 

Gibbs, littmaun, and Marvel, ibid., 66, 753 (1933); I.ehinan, Thompson, and 
Marvel, ibid., 66, 1977 (1933); Gihbe and Marvel, ibid., 66, 726 (1934); 67, 1137 (1936). 

" Zinunerman and Lochte, Und., 98, 948 (1936); 60, 2460 (193S). 

“ Curtius and Thun, J. praM. Chem., [2] 44. 176 (1891); Diels, Ber., 86, 360 (1902) 
XhelB and Pflaumer, S«r., 48, 223 (1916). 

••Arvin, U. 8. patent, 2,060,716; 2,080,716 (1938). 

••Goldschmidt, Scbuls, and Bernard, Ann., 478, 1 (1930). 

•®^taudinserand Staiger, Ann., 817, 67 (1936). 

•Bieae, Ann., U4, 161 (1872). 

••^oldechmiedt, MonaUk., 7, 40 (1886). 

••iMobeon, J. Am. Chem. Soc., 64,1613 (1932). 
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brominated hydrocarbon containing approximately 31 p-xylylene reed- 
dues (rV) by the action of magnesium on p-xylylene dibromide. 



The action of sodium on decamethylene bromide in ether gave a series 
of normal hydrocarbons from which C 50 H 102 , C 60 H 122 , and C 70 H 142 were 
isolated by molecular distillation.** The residue contained stiU higher 
hydrocarbons, but they could not be distilled without decomposition. 
The data of Meyer’* and Dunkel*’ show that the molecular cohesion of 
a C 70 hydrocarbon is about 71,000 calories and that of a Cgo hydrocarbon 
is about 81,000 calories. Since the heat of separation of a carbon- 
carbon bond is about 75,000 calories it would be expected that a Cso 
hydrocarbon would decompose rather than distil.®* 

These hydrocarbons of high molecular weight were also used to carry 
out a rough check on one of the controversial subjects in polymer 
studies. It had been suggested” that the apparent decrease in the 
molecular weight of rubber and other polymers of very high molecular 
weight when heated gently or subjected to mechanical strain was real 
and was due to a thermal instability of these molecules at temperatures 
slightly above room temperature. The decrease in thermal stability 
from methane (decomposition temperature 650-700®) ** to ethane (550- 
600°) and ethane to hexadecane (ca. 470°),**^ if foUowed on to higher 
members, would lead to such a result. However, a study of the thermal 
stability of triacontane, tetracontane, pentacontane, hexacontane, and 
heptacontane showed that the change from C 30 up to C 70 was so slight 
that it would be safe to say that a paraffin hydrocarbon of a molecular 
weight of even greater than 200,000 would be stable at room temperature. 

Bifunctional Grignard reagents^” (V) have been treated with methyl 
formate to yield polymeric alcohols (VI). 

BrMg(CH2)ioMgBr + HC—OCH, 


OMgBr’ 

r OH i 

j 

—(CH2)io—CH— J, 

j 

.—(CH,)!,—CH—_ 


VI 

C&rothers, Hill, Kirby, and Jacobson, 6S, 5279 (1930), 

*• Meyer, NiUurvsissenschaftenf 16, 781 (1928), 

I!)unkel, Z. pKysik. Chem.f A138, 42 (1928). 

•• Staudinger, Bcr., 69, 3037 (1926). 

** Bone and Wheeler, J . Chem, Soc.^ 81, 642 (1902). 

Williams-Gardner, FweZ, 4, 430 (1926). 

Ml Oftult and EeBsel, Ann, ehim., [10] 8 , 319 (1924). 

^ Carothera and Kirby, Am* Chem* Soc,^ 64, 1588 (1932). 
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The Friedd and Crafts reaction has also been used to produce polymeric 
materials. Thus, benzyl chloride reacts with traces of aluminum chloride 
to give complex soluble and insoluble products.*” The soluble polymer 
is probably linear. The chlorine seems to be removed entirely by some 
side reaction. 



VII 


Shriner and Berger *** have found that sulfuric acid converts benzyl 
alcohol to a mixture of at least two polymers, one of which has a com¬ 
position identical with the soluble linear polymeric hydrocarbon reported 
by Jacobson*” and the other has a terminal hydroxyl group (VIII). 


C«H6CHj(C«H4CH2),C,H4CH20H 

VIII 

Oxidation of these polymers to yield both o-phthalic and terephthalic 
adds shows that both ortho and para positions in the benzene nucleus 
are involved in polymer formation. 

The polymeric alkyl silicon oxides are another interesting type of 
polymer. Kipping*” first recognized that the silicanediols R 2 Si(OH )2 
condense intermolecularly to yield polymeric anhydrides and silicones. 
The sihcanetriols, RSi(OH) 3 , likewise were known to condense to white, 
powdery “siliconic acids” (RSiOOH)*.*“* 

Rochow and Gilliam *“* have recently found that the silicanediols 
may be made to condense with the sihcanetriols to yield sohd polymers, 
probably of a cross-linked siloxane structure (IX). 

—RjSi—O—RSi—O—RjSi—0— 

I 

O 

I 

—R,Si—O—RSi—O—RSi—0— 

1 

O 


*” Jacoboon, {bid., > 4 , IMS (1932). 

“* Shriner and Bercer, J. Or*. Cfcem., 6,306 (1941). 

*** Kipping, J. Chem. Soc., 91, 218 (1907); Robieon and Kipping. Md., 91, 439 (1908); 
101, 2142 (1912); Martin and Kipping, Hrid., 96, 302 (1909); Kipping, tbid., 101, 2100 
(1912),. 

‘••jMeada and Kipjrfng. iWd., 109. 679 (1914); 107. 459 (1916); Ladenburg, Ann., 184, 
9S» <Ji72); 178, 143 (1874). 

Roobow and Gdliam, J. Am. Chem. Soc., 93, 798 (1941). 
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The polymeric methyl silicon oxides (IX, R = — CH3) are colorless, 
transparent, horny resins and are unique in their thermal stability, no 
perceptible change being produced by heating in air at 200® for a year. 
Hyde and DeLong have also prepared silicon-containing polymers. 


ADDITION POLYMERIZATION 

Addition polymerization has no exact parallel in the reactions 
encountered in classical organic chemistry. An unsaturated molecule 
becomes activated, reacts with other unactivated molecules to produce 
long-chain compounds, and then in some way the reaction is stopped. 
Mark has aptly named these phases of the addition polymerization 
reaction initiation, propagation, and cessation.*®* This true addition 
polymerization reaction is not to be confused with the self-addition of 
one or two molecules of an unsaturated compound to produce dimers 
and trimers. In true polymerization these small units rarely are found 
in the reaction m ixtures. Addition polymers usually range from 10,000 
to 200,000 in molecular weight. 

Strictly speaking, the addition polymers, like the condensation 
jjolymers, are not chemical individuals. They are mixtures of long- 
chain compounds made up of members of a polyhomologoiis series; that 
is, they have the same recurring unit and they are of practically the 
same order of molecular weight. The purity of the monomer is highly 
important if useful polymers are to be obtained. 

In the chain reactions which produce the polymers, side reactions 
may occur such as branching and reaction with diluents and solvents. 
These side reactions are still little understood and will not be discussed 
in detail here. The actual mechanism of initiation, propagation, and 
cessation of these reactions can be treated more satisfactorily after a 
study of some of the facts which have been determined concerning 
various polymers. 

The various unsaturated monomeric types which polymerize by 
addition polymerization are the olefins and their derivatives, the dienes, 
the acetylenes, the aldehydes, and certain strained cyclic monomers 
which may be called pseudounsaturated. The olefins and the dienes are 
the most important technically and have received the greatest amount 
of study. In the field of addition polymerization Staudinger has done 
the greatest amount of work and has laid the foundation for much of 
the work which others have done. 

Hyde and DeLong, ibid., S3, 1194 (1941). 

Made, ‘‘Phyiioal Chemistry of Hi|d> Polymeric Syatema," Intendenoe Publiahera 
New York (1940), p. 311. 
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Olefins and Their DerivatiTes 


A wide variety of olefins has been pol 3 anerized by addition but the 
limitations are fairly definite and can be expressed with fair certainty. 
In the general molecule, 


r; 


> 


!=CH, 


if R and R' are hydrogen or low-molecular-weight alkyl groups, the 
substances will usually polymerize. 



ft 

RCH=CH* - 

-\CH—CH 


/t ^ 

R—0=CH2 - 

1 

-I C—CHs 

1 

R' 

\r' ! 


Only when R and R' are both methyl groups has the polymerization 
of a (ihsubstituted ethylene been extensively studied. Apparently, 
it is impossible to polymerize a symmetrically substituted olefin 
RCH==CHR or a tri- or tetrasubstituted olefin to obtain high-molecu¬ 
lar-weight products. This last limitation may be due to lack of present 
knowledge rather than to some intrinsic property of these molecules. 
Some tetrasubstituted halogen derivatives of ethylene have been 
polymerized. 

If either R or R' or both are unsaturated or electron-attracting 
groups, such as phenyl, carbonyl-containing residues, —OCOR, chlorine, 
or cyano, polymerization usually is more readily accomplished than in 
the case of the simple olefins. If, however, R is phenyl, R' must be 
hydrogen or the polymerization is very difficult to accomplish. Styrenes 
with substitution on the vinyl msidue polymerize to low-molecular- 
wei^t molecules. 

Copolymerization, in which two different olefins or olefin derivatives 
take part in the chain reaction, is quite complex. Cases of this sort will 
be considered after the simpler ones have been described. It may be 
well, however, to point out at this time that there are olefin derivatives 
of the type RCH=CHR which will not themselves polsmerize but 
which do enter into copolymerization reactions with other pol 3 merizable 
<^fili derivatives. Thus, ethyl maleate and maleic anhydride can be 

tt*g(audin«er and Bieitacb, Ber., 6S, 442 (1929). 
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combined with vinyl chloride to give copolymers but will not them¬ 
selves readily polymerize. 

The chain polymerization reaction is usually started by a catals^t 
such as a metal halide, a metalloid halide, or a peroxide. Boron fluoride 
and aluminum chloride work best at low temjjeratures. Benzoyl peroxide 
and hydrogen peroxide are common peroxide-t 3 rpe catalysts. Poly¬ 
merization may also be induced by heating and by irradiation with 
ultra-violet light. Oxygen also plays an important role in polymeriza¬ 
tion processes of this type, possibly through the formation of olefin 
peroxides. 

Staudinger has shown that the temperature and general conditions 
under which styrene is polymerized have a marked effect on the molec¬ 
ular weight of the polymer. This is shown by the facts summarized in 
Table I. In general these results carry over to other addition-poly- 

TABLE I 

Molecular Size of Poltstthene as Affected bt 
Method of Povtmerization 


Average 


Method of 

Appearance 

Molecular 

Sintering 

SOLUBILITT 

Polymerization 
Heating with SnCL» 

OF Polymer 

tVTiite pulveru¬ 

Weight 

Point 

IN Ether 

Under nitrogen at 

lent material 

3,000 

105-110“ 

Soluble 

160“ 

Under nitrogen at 

White powder 
White 

23,000 

120-130 

Slightly 

soluble 

100“ 

In air at room 

fibers 

White 

120,000 

160-180 

Insoluble 

temperature 

Under nitrogen at 

fibers 

White 

200,000 

180 

Insoluble 

room temperature 

fibers 

600,000 

180 

Insoluble 


merization reactions. Low-temperature polymerizations with little 
catalyst are likely to produce the highest-molecular-weight polymers. 

Staudinger has introduced the term degree of polymerization to 
indicate the number of recurring units in an addition polymer. In the 
case of styrene where the monomer has a molecular weight of approxi¬ 
mately 100, the degree of the polymer is about 1/100 of the molecular 
weight. The low-molecular-weight addition polymers with a degree 
number up to about 100 are called hemicolloids by Staudinger.^^^ They 
behave much Uke ordinary low-molecular-weight compounds as regards 

staudinger, "Die hoohmolekularoa organisoheu Verbindungen," J. Springer, 
Berlin (1932). 
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solubility, viscosity of solutions, etc. Those pol3aners ■with a degree 
above 100 and below 1000 are called mesocolloids. They constitute a 
transition group, and the physical properties change more or less 
gradually from those of low-moleculan-weight substances to those of 
very-high-molecular-weight substances. Polymers ■with a degree above 
1000 are called eucoUoids. They usually swell markedly with solvents 
and dissolve only very slowly to pve solutions which show abnormal 
■viscosity beha^vior. In these solutions the individual molecules which 
are dissolved begin to approach the size of the ordinary colloidal particle. 
As mentioned earlier, three-dimensional polymers are invariably insolu¬ 
ble even when of relatively low molecular weight. Slightly cross-linked 
polymers of the linear type usually swell with solvents. 

The older method of producing polymers from the olefins and their 
derivatives was to use the pure liquid or a solution in an organic solvent 
in which the catalyst would dissolve. This method is still widely 
followed, but industrially some of these reactions are now carried out in 
emulsion. The monomeric material is suspended in water or a water- 
organic solvent mixture and the catalyst and an emulsifying agent are 
added. The polymer may separate as it forms or it may remain in 
emulsion and be coagulated at the end of the polymerization. The use 
of the emulsion technique has greatly improved the homogeneity of 
some of the polymeric products which are technically available. 

Ethylene. As long ago as 1797 experiments involving the polymer¬ 
ization of ethylene were being described in the scientific literature; 
therefore no attempt will be made to give a bibliography covering all the 
succeeding work. Themud polymerization of ethylene in the presence 
of metal chloride catalysts at about 70 atmospheres was found to 
produce butane and other lower paraffins, together with olefinic and 
naphthenic oils. Burk, Baldwin, and Whitacre have made a very 
earful study of the dimerization of ethylene in glass at 625°. The main 
idea behind the earlier work seemed to be the production of gasoline or 
lubricating oil from ethylene. Summaries of these phases of ethylene 
polymerization are available.‘“ 

Most of the earlier work on the polymerization of ethylene did not 
lead to a true chain polymerization with the production of large mole¬ 
cules. In recent years this has been achieved by heating ethylene at 
pressures above 1000 atmospheres and temperatures from 100° to 400° 

Deimaa, Tro<j|rtwyk, Lauwereaburg, and Bondt, .dnn. chim., SI, S8 (1707); Ann. 
Phytik, 2, 208 ( 17 ^.' 

Ipatieff and Rutala, Ber., M. 1748 (1913); /. Rzm. Phyt. Chem. Boe., 46,096 (1913). 

t‘*3Burk, Baldwin, and Whitacre, Ind. Eng. Chem., 29, 826 (1987). 

MijBliloff, Schaad, and Lowry, J. Phyt. Chem., 66, 1826 (1981); ShUivan, Voorhsei, 
Maidm, and Shankland, Ind. Eng. Chem., 26, 604 (1031). 

s’ 
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with a oarefiiUy controlled amount of oxygen.*^* This produces a solid 
CH 2 ==CHj —[CH 2 CH 2 ],— 


polymer which is tough and waxy to the touch and melts around 118®. 
The mean molecular weight estimated by viscosity measurements in a 
tetrahydronaphthalene solution runs from 2000 up to 20,000, depend¬ 
ing on the temperature and pressure of polymerization. These polymers 
show a crystalline structure by x-ray diffraction methods. The product 
has been produced technically in England under the name “Polythene.” 

Isobutylene. Isobutylene, which is available by petroleum-cracking 
processes, can be converted to a mixture of dimers, trimers,and tetramers 
by acid treatment, but this process is hardly a true polymerization. By 
use of metal halide catalysts, isobutylene has been converted to 
polymeric materials having a molecular weight of 25,000 to 400,000 or 
even higher.“^ These polymers have been studied and their useful 
properties described in a series of publications.^^* 

These polyisobutenos are long carbon chains having gew^methyl 
groups on alternate carbon atoms (I). The products with molecular 

CHa CH» 

I i 

—C-CHa-C-CHa— 

1 I 

CH, CHa 

I 

weights up to about 27,000 are thick liquids. The higher polymers are 
white, tough, elastic solids with properties which make them useful 
rubber substitutes. They cannot be vulcanized, however. The satur¬ 
ated nature of the polyisobutylene renders it inert; hence it is practically 
unaffected by ozone, strong acids, and similar agents which destroy 
rubber. 

Styrene. Styrene or phenylethylene (I) was first isolated in 1831 
by the distillation of storax, and in 1839 Simon, a Berlin apothecary, 

CH=CH2 

I 

“* Fawcett, Gibeon, and Perrin, IT. S. patent, 2,1S3,553 (1939). 

>^’C)tto and Mueller-Cunradj, U. S. patent. 2,130,607 (1938). 

1“ Thomas, Zimmer, Turner, Rosen, and Frolich, Ind. Eng. Chem., 31 , 299 (1940); 
Sparks, li^tbown. Turner, Frolich, and Klebaattel, iUd., 82, 731 (1940); Thomas, 
Sparks, Frdich, Otto, and Mueller-Cunradi, J. Am. Chem. See., 82, 276 (1940); Thomas, 
lil^thown. Sparks, Frolioh, and Murphree, Ind. Bng. Chem., 82, 1283 (1940). 
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called attention to the fact that it gave poljoneric products. The early 
literature is full of references to the changes which styrene undergoes 
under the influence of heat, light, and various chemical agents. How¬ 
ever, the work of Staudinger ““ and his collaborators has shown the real 
usefulness of polystyrene. Much of our knowledge of other addition 
polymers has come from this work on styrene. 

Thermal polymerization of styrene at moderate temperatures (150- 
175“) leads to a water-white, transparent polymer which has a superficial 
resemblance to glass. It is much softer than glass and is tough rather 
than brittle. It can be cut, shaved, machined, and molded under 
pressure and heat. It displays a rubberlike elasticity when warmed. 
The i)olymer is soluble in aromatic hydrocarbons and many esters. 

When the pol 3 Tnerization is carried out at too high a temperature a 
more brittle and less soluble product is produced. This product has less 
shock resistance and a lower transverse tensile strength than the polymer 
produced at moderate temperatures. 

Styrene may be polymerized to give polymers of very high molec- 
idar weight (p. 741), and the nature of the catalyst, the temperature, 
the solvent, etc., affect the nature of the polymer. It is generally 
believed that the activated molecules react by a chain mechanism with 
unactivated molecules to build up the long-chain polymer. Hence, if 
many active centers are formed, the unactivated monomer will be 
divided between all of them and the chain length of the polymer will 
not be great. With fewer active centers and slower growth of polymer 
chains the very-high-molecular-weight products result. Staudinger and 
Frost made some of the first kinetic studies on polymerization by 
following the rate of change of styrene to polystyrene by bromine 
titration. 

Considerable work on the structure of polystyrene has appeared. 
Staudinger and Steinhofer used pyrolytic methods to degrade poly¬ 
styrene and isolated such products as 2,4-diphenyl-l-butene (II), 1,3- 
diphenylpropane (III), 2,4,6-triphenyl-l-hexene (IV), 1,3,5-triphenyl- 

CHj=CCHjCHa CHaCHjCHa CHf^CCHaCHCHaCHa 

I i II III 

CtHs CfHt CaHs CgHt CjHj CtHt CgHg 

n ui iv 

jjentane (V), and 1,3,5-triphenylbenzene (VI), all of which are consistent 
with the notion that polystyrene is a long cham of molecules having 
phenyl groups on alternate carbon atoms (VII). 

M» jgiiBOn. Atm., 81 , 265 (1839). 

***dliau(lioser, Bnumer, Frey, Garbeoh, 8igaer, and WehrJi, Ser., 68, 241 (1929). 

>« ftaudinsw and Froat, Bar., 66, 2851 (1936). 

.^$UmdiDger and Steiniwfer, Ann., 617, 86 (1936). 
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C,H, 

C«H6 

V VI 

—CHCHjCHCHjCHCHr- —CHCH2CH2CH— CH8CH2CH2CH2 

III III I 

CjHs C.Hs CiHs C«H5 C»Hs C.Hj CeHj 

VII VIII IX 

Midglcy, Henne, and Leicester have isolated 1,4-diphenylbutane 
(IX) by the action of sodium and alcohol on styrene and have accord¬ 
ingly suggested structure VIII for the recurring unit in polystyrenes. 
It seems unlikely, however, that such a “head-to-head, tail-to-tail” t 3 ^ 
of structure could 3 ueld the pyrolytic products which have been char- 
acterized.‘“ 

Very recently it has been suggested that polystyrene chains have 
some methyl side chains (X). This means that some shift of hydrogen 
has occurred during the polymerization. 


CH 2 CH 2 CHCH 2 CH 2 

I I I 

CeHs C«H6 C«H6 


ChQ 


/—CH—CH2—' 
\ CsHs 



/—CH—CH2—' 

I 

\ CjHb , 


Staudinger has suggested that the end groups on a polystyrene 
molecule are hydrogen and an unsaturated group. The double bond is 
very diflBcult to detect, and, though these end groups seem reasonable, 

H— 

XI 

they must be regarded as tentative. Attempts to label the end groups 
by carrying out the polymerization in the presence of substances such 
as sulfuric acid, acetic acid, acetic anhydride, and methanol have not 
helped settle the problem. 

There is evidence that a large polystyrene molecule may increase 
in molecular weight when placed in fresh monomeric styrene under the 
proper conditions. This would indicate a terminal double bond, which 
could either be reactivated to combine with more styrene or could be 

>•* Midi^ey, Henne, and Leieeeter, J. Am. Chem. Soc., 68, 1961 (1936). 

En^ and Barnes, lOlst Meeting of the American Chemical Sode^, St. Louis, 
MiMOuri, April, 1941. 

iw Houts and AdJdns, /. Am. Chem. Soc., 66, 1609 (1933). 


CHCHa —C==CH2 

I I 

_CeH6 CeHs 
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c^tured by new growing chains of polystyrene, thus giving rather 
complex branched structures. Such branched structiires have marked 
effects on viscosity. 

Thermal polymerization of styrene may also be carried out in solu¬ 
tion. The general effect is a slowing down of the reaction and a decrease 
in the degree of the polymer. The exact nature of the change, how¬ 
ever, seems to vary with the solvent. Extended studies of the effects 
have been carried out by Suess and by Schulz.“® 

Carbon tetrachloride shows a decided ability to depress the average 
degree of the polymer. It may be that the role of this solvent is 
more than that of a simple diluent, inasmuch as it has been reported that 
polystyrenes prepared in carbon tetrachloride are halogen-containing, 
and that the amount of chlorine is roughly that required for one carbon 
tetrachloride per polystyrene molecule.^* Benzene and toluene, on the 
other hand, seem to depress the degree much less effectively than the 
other solvents. 

The properties of the polystyrene molecule are dependent not only 
on its chemical nature but also on the size and shape of the molecule. 
It has been suggested that at least in solution the molecule takes the 
form of a long rod. Such solutions are apparently true solutions in that 
the polystyrene is molecularly dispersed in a solvated form. The eucol- 
loidal solutions, for example, show no change in viscosity on long stand¬ 
ing or shaking or after operations such as successive dilutions and con¬ 
centrations.^*® It is quite possible, however, to degrade the molecules 
in solution and hence lower the viscosity. Thermal treatments, if pro¬ 
longed, and especially if carried out at moderate tempwatures, result in 
a molecular degradation.'” Mechanical treatments will accomplish the 
same end. Polystyrene solutions agitated in a ball mill show a contin¬ 
uous decrease in molecular weight with increasing duration of treatment. 
Forcing tetralin solutions through a platinum orifice under conditions 
leading to a Mgh degree of turbulent streaming also decreases the molec¬ 
ular weight.'*® It is possible that the rodlike shape of the molecule 
contributes to the ease of shear of the structure. 

If a polymerization of styrene is carried out in an emulsion of sodium 

'*• Breitenbaoh and Rudorfer, MonaUh., 70. 37 (1937); Jorde, ibid., 70, 193 (1937). 

(o) Suets, Pilch, and Rudorfer, Z. phynk. Chem., A179, 361 (1937); Oeslerr. Chem.- 
Ztg; 40, 287 (1937); (h) Sueat and Sprin^r, Z. phytik. Chem., A181, 81 (1937). 

**• (o) Schult and Husemann, Z. j^ytik. Chem., B80, 184 (1937); (6) Sohult, Dine- 
Bnger, and Hutemana. ibid., Btt, 385 (1939). 

*** Breitenbad). Springer, and Abrahamezik, Oeeterr. Chem.-Ztg., 41, 182 (1938),’ 
IBreitenbaoh and Maachin, Z. phyeik. Chem., A187, 176 (1940). 

Staudinger and Frey, Ber., W, 2909 (1929). 

Staudinger, Prey, Oarbach, and WeM, Ber., 98, 2912 (1929). 

**9taudinger and Heuer, Ber., 97,1159 (1934). 
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oleate the result is a latexlike suspension in which the molecules appear 
to be spherical, since Einstein’s viscosity law, based on the assumption 
of a spherical form, is obeyed. The polymer may be precipitated, how¬ 
ever, just as rubber is obtained from latex, and after drying and dis¬ 
solving in benzene the usual abnormal viscosity, characteristic of a rod 
shape, appears.*** This demonstrates the influence of the mediiun on 
the nature of the molecular shape. 

The assumption that the molecules are essentially rodlike in nature 
forms the basis for Staudinger’s relation between the viscosity of such 
solutions and the molecular weight of the dissolved material: 


M = 


JL V 


in which M is the molecular weight, Km a constant, 17 s p the specific 
viscosity, and Cgm the concentration of polymer expressed in terms of 
the concentration of the monomer in moles per liter. This relation may 
also be expressed in terms of the degi-ee of polymerization in which P is 

p — ^ V 

Km^ C 


the number of monomeric units in the polymer and C is the concentra¬ 
tion of the polymer in grams per liter. 

Both these relations are valid if the proper value for K„ is chosen. 
The problem is complicated because any molecular-weight value must of 
necessity be an average value, and because there are very few methods 
of estimating molecular weights in this range. However, the utility of 
Staudinger’s viscosity method has been confirmed in practice, especially 
with polystyrenes. Schulz has demonstrated that the osmotic-pressure 
method may also be adapted to yield molecular-weight values.**^ To 
obtain significant values it is necessary to use a polymer fraction of a 
reasonably narrow molecular-weight range. These values are in accord¬ 
ance with the results obtained through the use of the ultracentiifuge ***’ 
and may then be used for the determination of the value of the constfmt 
in Staudinger’s formula.*** This constant is then useful over neighboi> 
ing ranges of molecular weights. 

Occasionally some difficulty is encountered in the use of viscoaty 
methods. The molecular weights become abnormal, especially under 
certain circumstances, such as high-temperature polymerizations. This 

St&udinA^r and HuaemaiUL, Ser., 68. 1691 (1936). 

*•* (o) Staudinger and Schuli, Ber., 68, 2320 (1935); (5) Schulz, Z. phyaik. Chem^ 
AiW, 817 (1936). 

*•* Signer, Traru. Faradav Soc., 33, 296 (1936). 

>** Schulz and Dini^inger, Z. physik, Chem., B68, 47 (1939). 
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may be due to the introduction of a small degree of branching in the 
molecular structure. It has been suggested that this is due to 
an infrequent activation in the para position, with consequent chain 
branching. It is also possible that the branching occurs in the 
fashion previously noted; that is, that a large styrene molecule is incor¬ 
porated in a growing chain through its terminal double bond. In thermal 
polymerization an increase in temperature increases the gross rate of 
reaction and decreases the chain length of the molecule, and both these 
effects contribute to an increase in the concentration of double bonds at 
any particular time during the polsunerization. This, coupled with the 
general activating influence of a temperature rise, may explain the 
observed effects. A confirmation of the existence of some ramification 
in polystyrene molecules has been obtained by Signer from studies of 
the streaming double refraction of polystyrene solutions. 

The introduction of cross-linking into the molecule leads gradually 
to polymeric products with decreased solubilities. It was observed in 
some of the earlier work on polystyrenes that some preparations from 
industrial styrene were harder and less soluble than others. Investi¬ 
gations of the starting materials revealed the presence of small amounts 
of divinylbenzene (XII) in the styrene. Divinylbenzene itself is cap¬ 
able of polymerization to form a structure such as that illustrated by 
formula XIII. As would be expected from this type of structure, the 
molecule presents a three-dimensional aspect and is hard and insoluble. 


CH=CH, 



——CH—CHjr"—CH—CH*—CH~CH|—• 



xm 

Signer, Helv. CMm. Ada, M. 897 (1936). 

Lespieau and Deluabat, Compt. rtnd; 190, 083 (1030). 
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It was found that the introduction of as little as 0.01 per cent of 
divinylbenzene in styrene affected the character of the resulting poly- 
mer.“* It became, of course, harder and less soluble. An increase in 
the divinylbenzene content to about 0.1 per cent resulted in a product 
which still swelled on contact with solvents such as benzene, but which 
was almost completely insoluble. With more than 1 per cent of divinyl- 
benzene, the pol 3 ancr was a hard glass, impervious to solvents. 

The insoluble polystyrene is very similar in appearance to the ordi¬ 
nary soluble styrene pol 3 Tner, and is of the same general chemical struc¬ 
ture, except that the linear polystyrene molecules are bound together 
at more or less infrequent intervals by divinylbenzene units. This is 
illustrated in XIV: 

—CH 2 —CH—CH 2 —CH—CHr-CH—CHr-CH—CHii—CH— 

6 6 6^6 

—CHj—CH—CHr-CH—CH»—CH—CH 2 —CH—CHz—CH— 

6 c) 6 6 

—CHj—CH—CHa—CH—CHi!—CH—CHj—CH—CHsr—CH— 

6 6 6 6 

XIV 

The effects occasioned by varying the relative amounts of the two 
molecular species have been investigated by Staudinger.‘«® Only a very 
nmnll concentration of divinylbenzene is sufBcient to bring about a non¬ 
swelling condition, but as this concentration is lowered the polymer 
gradually takes on a swelling character and becomes partially soluble. 
With still lower amounts of divinylbenzene, in the neighborhood of 
0.0025 per cent or less, the polymer becomes soluble, but the viscosity 
of such solutions is abnormally high. For example, a 0.0025 per cent 
divinylbenzene polymer obtained at 100° displayed an ij,p/C value of 
41.6, as compared with the value 21.5, taken under the same conditions, 

Staudinser and Heuer, Ber., 67, 1164 (1934); Staudinger and Huaemann, Ber., 
68 , 1618 (1936). 

Staudinger, Heuer, and Huaemann, Trara. Faraday Soc., 38, 323 (1936). 
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for a polystyrene also obtained at 100®. In general, although no fixed 
relation exists, increasing the chain length of the polystyrene molecule 
decrease the amount of divinylbenzene required for inducing swelling 
without solution. 

It has been found that, vaiying with the conditions, one molecule 
of divinylbenzene for every 10,000-50,000 molecules of styrene is suffi¬ 
cient to induce a marked effect. This corresponds to less than one 
molecule of divinylbenzene to every pol)rBtyrene molecule, so that 
something besides a purely integral valence bonding is effective in pre¬ 
venting solution. Observations of solubility phenomena displayed by 
polj^yrenes of the very low-divinylbenzene-content variety show that 
they are slowly attacked by the solvent, and that very gradually a sort of 
extraction takes place and some linear polystyrenes of the normal type 
find their way into solution. It is apparent, therefore, that some sort 
of “netting effect” is present; possibly the cross-linked molecules are 
intertwined with some of the linear molecules and hence hold them fast. 

Compoimds fitting the character of divinylbenzene in this particular 
instance have been referred to generally as netting agents. Obviously, 
they must contain at least two double bonds capable of incorporation 
into the chain. In an extended investigation involving styrene and a 
number of other monomers, Norrish and Brookman have found a 
number of such agents, which in decreasing order of effectiveness are 
divinylacetylene, divinylsulfide, divinylsulfone, and hexatriene. Those 
which are relatively ineffective are divinylether, divinylsulfoxide, diallyl, 
and isoprene. Many other examples of such compounds and their appli¬ 
cations are appearing in the patent literature. 

Acrylic Acid Derivatives. Acrylic acid was discovered in 1843,*** 
and the properties of its polymer were described in 1872.*“ The 
o-methylacrylic acid derivatives were discovered in 1865,*“ and the fact 
that they would polymerize was recognized by rit% and Paul in 
1877.*“ The technical development in this field apparently dates back 
to the researches of Otto Rohm.*** Methyl methacrylate polymers have 
been in conunercial production in the United States since about 1937. 

The large-scale manufacture of the acrylate polymers is based on 
cheap production of the monomeric esters. The reaction between 

“* Norrish and Brookman, Proo. Boy. Soe. (London), AIM, 206 (1037). 

Redtenbaeber, Ann., 47, 113 (1843). 

Linoemann, Ann., 143, 360 (1872). 

*“ Frankland attd Iluppa, Ann., 134, 12 (1866). 

‘"Fittig and PM, Ann., 188, 62 (1877). 

*••0. Rohm, "utier Polymerisation ProduVte der AkrylsSure,” Dissertation, TUbin- 
g«B (1401); V. Bsohmann and R5hm, B«r., 34, 427 (1901); R6hm, Ber., 34, 673 (1001); 
Retim. Oennan patent, 262,707 (1912); D. S. patmit, 1,121,134 <1914); Oetimm patent, 
m.m ( 1916 ). 
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etJtylene chlorohydrin and sodium cyanide'^’ gives ^-hydroxypropio- 
HOCH2CH2CI + NaCN HOCH2CH2CN + NaCl 



CH 2 =CHC 02 R CH2==CHCN 

nitrile, which on dehydration yields acrylonitrile, CH 2 =CHCN; on 
dehydration, hydrolysis, and esterification yields the alkyl acrylates, 
CH 2 =CHC 02 R; and on dehydration and hydrolysis yields acrylic 
acid, CH 2 ==CHC 02 H. 

a-Methylacrylic acid (II) is produced from acetone through the 
cyanohydrin (I). By treatment of the cyanohydrin with an alcohol 
and sulfuric acid it is possible to go directly to the alkyl a-methylacrylate 
(III).'‘® The methyl ester, conamonly called methyl methacrylate, is 
the most important ester of this type. 

CH2=C—CO2H 



CH2=C—CO»R 

I 

CH, 

in 

The acrylates and methacrylates are readily polymerized under the 
influence of heat, light, or peroxides.*^’ Benzoyl peroxide is one of the 
most common of the catalysts. Oxygen will catalyze the pol 3 Tnerization 
although an excess of oxygen acts as an inhibitor. The acrylate poly¬ 
mers (IV) are apparently long carbon chains with ester groups on alter¬ 
nate carbon atoms. In the methacrylates (V) the methyl substituent 
is also on the carbon atom carrying the ester group. The end groups 
may be hydrogen and an olefin residue although this is not definitely 
established. Recent work on the kinetics of these polymerization 
reactions indicates that one end group may come from the peroxide 
used as a catalyst (p. 775). 

H—rCHsCH—CH2CH-1—CH=CH 

I I I 

CO,CH, COiCHiJ. OOiCH. 

IV 

»« RShm and Haaa A.-G., German patents, 365,360 (1019); 671,123 (1028): Bauer. 
U. S. patenta, 1.388.016 (1921); 1,820,208 (1931). 

«• Imperial Chemical Industries, Ltd., British patmits, 406,690 (1034); 419,467 (1934) 

u» watim and Haaa A.-G., British patent, 304,681 (1030). 
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In keeping with this structure (V), polymethyl methaciylate may 
be degraded by heat to dimeric and trimeric products.**® Pol 3 Tnethyl 

CHs 


H— 


CH, CHj 
CH <UcH,-C— 


COsCH. COjCHsJ 

V 


I—CH=C 

I 

COjCHg 


acrylate can be hydrolyzed with alkali to give the salt of a polymeric 
acid; it reacts with methylmagnesium iodide to give a polyalcohol; on 
heating with ammonia it yields amides and imides. Polymethyl metha¬ 
crylate does not imdergo these transformations because of steric hin¬ 
drance. 

The polymers vary in molecular weight, depending on the conditions 
under which they are prepared, but the commercial products are in the 
neighborhood of 40,000. The polyesters are insoluble in water, alcohol, 
and aliphatic hydrocarbons. Ethers act as swelling agents rather than 
as solvents. Aromatic hydrocarbons, ketones, esters, chloroform, sym- 
tetrachloroethane, and some other active hydrogen compounds are good 
solvents. Polyacrylic acid is slowly soluble in water. Its alkali salts 
are readily water-soluble. Polyacrylonitrile is highly insoluble in all 
common solvents. This is probably bticausc of a cross-linked structure 
due to hydrogen bonding between the active methylene hydrogen of one 
chain and the nitrile group of another. It has been shown that a 1,3- 
dicyanide such as trimethylene cyanide is highly associated *“ by such 
forces. 

The methyl methacrylate polymers are marketed under such trade 
names as "Plexiglas,” "Crystalite,” and “Lucite.” The products are 
light in weight, tough, and elastic. They have good optical trans- 
parenty, are stable to light, and are permanently thermoplastic. The 
sheet material is widely used in airplane manufacture. The powdered 
material is used for molding toilet articles, lenses, furniture, etc. 

Some patents**® have been granted for modified acrylate polymers 
which are harder and hence more suitable for the manufacture of 
spectacle lenses. This hardening is achieved by the addition of agents 
which cause some cross-linking. Methacrylic anhydride and ethylene 
methacrylate are types of reagents which have been sugg^ted. These 
obviously act like divinylbenaraie when mixed with styrene. 

*“StaudinBer and Urech, Helv. Chim. Acta, U, 1107 (1920); Staudinger and Eohl- 
•diattar. Ber., 64, 2001 (1931); Staudinger and Trommedorfl, Ann,, 60t, 201 (1033). 

»“Coi>ley, ZeUhoefer, and Marvel, J, Am. Chem. See., «, 327 (1040). 

***BS1, BriUA patent, 423,700 (103S); Elatler and Bamea, U. S. patenta, 2,189,733; 

%mm ( 1940 ). 
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The alkyl a-haloacrylates (VT) are of theoretical interest since they 
apparently give polymers (VII) which have the vmits arranged in a 


CH2=CC1 

I 

CO2CH3 

VI 


CH2CCI- 


-CCICH 2 


CO2CH3 COsCHsJ 

VII 


head-to-head, tail-to-tail fashion rather than head-to-tail, as is the 
common arrangement of monomer units in a polymer chain. The fact 
that these pol 3 Tners have halogens on adjacent carbon atoms is shown 
by their liberating iodine from solutions of potassium iodide in peroxide- 
free dioxane solution.Other reactions and physical properties cor¬ 
roborate this evidence for the unusual arrangement of monomer units 
in the polymer chain of the a-haloacrylates. 

Vinyl Esters. Vinyl acetate (I) and vinyl chloride (II) are the most 
important of the vinyl esters which readily yield polymeric products. 


CH2=CHOCOCHa CH2=CHC1 

I 11 

Both arc readily available from acetylene by the addition of acetic acid 
and hydrogen chloride, respectively. Baumannand Ostromysslen- 
8 kii‘“ did the early work on polyvinyl halides. Staudinger and his 
students described many of the chemical properties of the polyvinyl 
halides and concluded that these polymers had halogen on alternate 
carbon atoms along the carbon chain (III). This view of the structure 
was confirmed by a study of the reaction between zinc and an extremely 
dilute solution of polyvinyl chloride in dioxane.^®’ Under these condi¬ 
tions of high dilution zinc removes chlorine atoms from the polyvinyl 
chloride molecule until about 84-87 per cent of the chlorine content 
has been removed. The remaining polymer is soluble, indicating that 
no cross-linking has accompanied the removal of chlorine. Flory has 
calculated that 86.47 per cent of the chlorine would be removed from 
a polyvinyl chloride having halogen in the 1,3-positions (III) if the 

—CHjCHCHsCHCHaCHCHjCHCHjCHCHjCHCHjCHCHaCHCHsCH— 

I I I I I I I I I 

Cl Cl Cl Cl Cl Cl Cl Cl Cl 

III 

Marvel and Cowan, J. Am. Chem. Soc., 61, 3156 (1939). 

Baumann, 163, 398 (1872). 

Ostromysalenakii, J. Rttsa. Phys. Chem. Soc., 44, 204, 240 (1912). 

>** Staudinger, Brunner, and Feiast, Helv. Chim. Ada, 13, 805 (1930). 

Marvel, Sample, and Roy, J. Am. Chem. Soc., 61, 3241 (1939). 

1** Flory, ibid., 61, 1518 (1939). See also Wall, ibid., 6S, 803 (1940), and Simha 
ibid., 68 . 1479 (1941). 
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removal follows statistical laws. The fact that not all the halogen is 
removed is due to isolation of chlorine atoms between reacting pairs. 
Similar statistical calculations lead to the conclusion that only 81.60 
per cent of the chlorine should be removable by the zinc reaction in a 
perfectly random arrangement of vinyl chloride units in the polymer 
chain. Hence, the evidence available indicates that all the vinyl 
chloride units in the poljnner chain are arranged in a head-to-tail 
fashion. 

Commercial polyvinyl chloride is a high-melting, rather insoluble 
polymer. It can be softened by the addition of tricresyl phosphate, 
and the polymer thus plasticized, sold under the trade name of “Koro- 
seal,” finds many uses as a substitute for rubber. 

Polyvinyl chloride has a tendency to darken on exposure to sim- 
light, and this has been attributed to the loss of hydrogen chloride. 
This seems to be a sound explanation of the formation of color. It will 
be noted that loss of one hydrogen chloride molecule will make the 
adjacent chlorine an allyl chloride (IV), which will be even more likely 
to react again than will an isolated chlorine atom. Hence, polyene 
chains (V) which are highly colored will be set up whenever hydrogen 
chloride is lost. Certain stabilizers are used technically to avoid these 
reactions. 


rCH— CHjCH—CHj‘ 

— — 

rCH=CH—CH—CH,' 

1 1 

— > 

1 

O- 

o- 

n 

Cl 


IV 


—[CH==CH—CH==CH],— 

V 

Polyvinylidene chloride (VI) was first systematically studied by 
Staudinger and Feisst **'’ and the structure established as a head-to-tail 

—CHsCClr-CHjCClr-CHsCClr- 

VI 

polymer. The product is now in commercial production in this country 
and is marketed under the trade name of “Saran.” 

Polyvinyl acetate has been studied by several investigators. Herr¬ 
mann and Staudingerwere among the first to describe accurately 

1* Broua and Sempn, Ind. Eng. Chmi., VI, 607 (1035); Schoenfeld, Browne, and Broua, 
ibid., SI, 964 (1039). 

Staudinger and F«Kt, Heb. CMm, A^a, IS, 882 (1030). 

Hi|l«Timann and Haehnel, B«r.. M, lOfiS (1927). 

««,Staudinger, Frey, and Stunk, Ber., SO. 1782 (1927) i Staudinger and Sohwalbaoh, 
Ann.. (US, 8 (1031); StaucBnger, Btir„ M, 3010 (1026). 
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the re&ctions and properties of this pol 5 Tner. The ordinary pK)l 3 rnier 
has a molecular weight of approximately 20,000 although samples with a 
molecular weight of 80,000 have been obtained. The polymer is clear 
and colorless, and softens at 30-40®. It possesses good stability to light 
and heat, but its low softening point prevents its successful use as a 
molding compoimd. It is very soluble in alcohols, ketones, esters, and 
even aromatic hydrocarbons and halogenated aliphatic hydrocarbons. 
When the polymerization is carried out in the presence of chloroform, 
the polymer contains chlorine. 

Hydrolysis of polyvinyl acetate (VII) can be readily accomplished 
to give water-soluble pol 5 rvinyl alcohol, (VIII). 

—CHsCH—CHjCH-> —CHjCHCHjCH— 

II II 

OCOCH, OCOCHs OH OH 

VII VIII 

Staudinger recognized the usefulness of this reaction in his work 
on structure proof. He reported that oxidation of polyvinyl alcohol 
with nitric acid gave oxalic and succinic acids. This indicates the 
possibility of some head-to-head, tail-to-tail groups (IX) in polyvinyl 

—f CHjCH—CHCHjI — 

I I 

OH OH 

IX 


alcohol and hence also in polyvinyl acetate. A more recent study of 
polyvinyl alcohol showed that no 1,2-glycol structure was present 
ance the polymer could not be oxidized by periodic acid, which is a 
specific oxidizing agent for this structural unit.*®^ 

Polyvinyl alcohol has been used to make oil-resistant tubing. Its 
principal application is in the manufacture of the acetals (X), which 


-CHjCHCHjCHCHjCHCHsCHCH^CH— -h Rc/ 
i I I i I \ 


O 


OH OH OH 


H 

OH OH 

—CHjCHCHjCHCHsCHCHjCHCHjCH- 


0 0 

\ / 
OH 
R 


OH 


0 0 

\ / 
CH 
R 


X 

>** Marvel and Denoon, J. Am. Cham. Soc., 60, 1045 (1938). 

Malaprade, Compt. rend.. 186, 362 (1926); BuU. toe. chim., [5] 1, 833 (1034); Fleury 
and Fatome, J. pharm. ehim., 18] tl, 247 (1835); Kanrer and Hirohata, H*l». Chim. Acta, 
16, 069 (1033); Jaekaon and Hudson, J. Am. Chem. Soc., 60, 2040 (1087). 
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serve as the inner layer for safety glass. In the process of acetal forma¬ 
tion some of the hydroxyl groups become isolated just as chlorine atoms 
are isolated in the zinc dehalogenation of polyvinyl chloride.^* These 
acetal resins are resistant to water, have excellent light resistance, adhere 
to glass, and have a high degree of elasticity. 

Miscellaneous Vinyl Polymers. Methyl vinyl ketone (I) and methyl 
isopropylidene ketone (II) polymerize readily and have been under 

CH, 

1 

CHi==CHCOCH, CHif=C—COCH, 

I II 

consideration as industrial plastics. The polymer of methyl vinyl 
ketone has been shown to have a head-to-tail or 1,5-diketone structure 
(III).i« 

—CHCHjCHCHz— 

1 I 

CO CO 

i i 

CH* CH, 

III 

Vinyl ether (IV) and divinyl ether (V) have been used to some extent 
but mainl y as constituents of copolymers (p. 757). Vinylcarbazole 

CH^=CHOCH, CHit==CHOCH=CH* 

IV V 

(VT) has been patented, as have many other arylated vinyl types. The 
coumarone (VII) and indene (VIII) polymers have received consider- 



CH-=CH, 


VI vn VIII 

able study and have attained some practical importance.'*’' 

**» Marvel and Levesque, J. Am. Chcm. Soc., 60, 280 (1938); 61, 3234 (1939). 

***Rcppe and K^ssner, Oermsii patent, 018,120 (1934). 

wfltobbe and FSrber, Ber,, 67, 1888 (1924) ; Whitby and BCats, J. Am. Chem. Soe., 
fO, 1160 (1928); Risi and Oauvin, Cttn. J. Reteareh, ISB, 228 (1985); Bertpoaann and 
Tauhadel, Ber., 68B, 463 (1932); Bheriutn, Kelly and Cwnnody, Jnd. Bng. Chem,, SO, 676 
{issri', Carmody, gheehan, and KsUy, ibid., SO, 246 (1938); Carmody, ibid., SI, 626 
(KMOI, 
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CopolTmers 

When two different vinyl derivatives are mixed in the monomeric 
state and then polymerized, there is often produced a mixture of copoly¬ 
mers which contain both the monomeric units in simple chains. The 
technical development in this field is far ahead of the scientific litera¬ 
ture. Not every pair of vinyl monomers can be converted to a copoly¬ 
mer, and there are some monomeric ethylenic derivatives which will 
enter into copolymers but will not themselves polymerize. 

Perhaps the best-known group of copolymers are the “Vinylites,” 
which contain different ratios of vinyl chloride and vinyl acetate. It is 
an interesting fact that vinyl acetate alone polymerizes more rapidly 
than vinyl chloride; however, when the two monomers are mixed and 
then polymerization is effected, the polymer first formed is richer in 
vinyl chloride than is the mixture of monomers from which the polymer 
is formed.^** Since the two monomers do not enter the polymer chain 
at the same rate, there probably is a difference in composition in each 
polymer chain that is laid down due to the change in concentration of 
the monomers in the unpolymerized fraction. This fact is not stated 
specifically in the literature, but a hint of it is given in a patent,*'* by 
the suggestion that more uniform copolymers can be obtained by 
adding one component gradually to the polymerizing mixture. 

Styrene and maleic anhydride form a heteropolymer.'’ The most 
readily produced polymer contains one styrene unit for each maleic 
anhydride unit arranged in a systematic fashion. A polymer containing 
more than one molecule of styrene for each molecule of maleic anhydride 
can be produced, but it is not certain that this is not a mixture of poly¬ 
styrene and the copolymer with a 1:1 ratio of the monomer. 

A study has been made of the copolymers of methyl methacrylate 
and butadiene *’* prepared from equivalent quantities of the monomers 
by the emulsion teclmique. Ozonization of the polymer (I) gave the 
monomethyl ester of a tribasic acid (II) in about 60 per cent yields. 

CII, 

—CH,CH==CHCH,(*;CHjCH,CH==CHCH 

ioiCH, 

1 

'** Stsudinger and Schneiders, Ann., Ml, 151 (1939); Marvd and Jones, unpuUished 
data; see Wall, J. Am. Chem. Soc,, 63, 821, 1862 (1941), 

Fikentscher and Hengstenberg, U, S. patent, 2,1(X),9()0 (1937). 

Voss and Dickb&user, U. S. patent, 2,047,398 (1936); KunsMoffe, S3, 289 

(1938). 

Hill, Lewis, and Simonsen, Trans. Faradav So«., 36, 1067, 1073 (1039). 
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This proved that this copolymer is mainly made up of the two monomers 
occurring alternately in the chain. Some dimethyl ester of a tetrabasic 
add was also formed and isolated as the tetramethyl ester (III or lY). 


CH, CH, CH. CH, 

H/XItCCHicllCH,-('jCH.CH.CO.CH, H,CO,CCH.(!x3H,CH,(!)CH,CO,CH, 

<lx).CH, <!x),CH, <!;0,CH, (llOjCH, 

III IV 


While the exact structure of this tetrabasic acid was not determined, the 
isolation of a product of this composition shows that some of the mono¬ 
meric units are joined in an irregular fashion, as seems to be tnie for 
the “Yinylites.” 

Melville'” has described the preparation of some interesting copoly¬ 
mers. A vessel was filled with the vapor of a polymerizable monomer 
and irradiated to start polymerization. When the polymerization was 
well under way, as indicated by a pressure drop, the monomer was 
removed by evacuation and a new gaseous monomer added. The poly¬ 
merization continued at once, and presumably the new monomer became 
a part of the same polymer chain started by the first monomer. By 
changing from one monomer to another several times, Melville believed 
he had molecules such as shown below (V). 


CH 2 CH 

rCHzCH' 
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CHaCH' 
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rCHsCH' 
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'CHaCH' 
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A 

1 
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B J 

y 

1 

A 

9 

1 
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No study of the properties of these “molecular sandwiches” has yet 
been made. 

This section on copolymers is of necessity incomplete, as most of the 
work in this field has been done in the technical laboratories and pub¬ 
lished only in patents. Hence, it is difficult to locate and evaluate the 
available information. 

Dienes 

The polymerization of a conjugated diene (I) is a special case of 
addition polymerization. Two possible reactions may be involved in 
the formation of the polymer, 1,2-addition (II) or 1,4-addition (III). In 
nat^ the diene polymer, rubber, has the units arranged regularly 
h^id-to-tail and 1,4.'™ When wi attempt is made to polymerize but- 

*« MdviUe, Trana. IwU. BtAbtr Ind^ M, 209 (1939). 

»» Pummenr, KautaekiA, 10, 149 (1934); Bvbber Chem, Tack., 8, 39 (1935). 
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axiiene in the laboratory, the product appears to be made up of some 
1,2-unions and many 1,4-unions in the same chain (IV). In a sense this 

CH 2 =CH—CH=CHa CHaCHCHjCH— 

I I I 

CH CH 

II II 

CHa CHj 

II 1,2 

—CHj—CH=CH—CHa—CHa—CH=CH—CHa— 

III 1,4 

—CHa—CH=CH—CHa—CHa—CH—CHa—CH=CH—CHa— 

1 

CH 

II 

CHa 

IV 

is related to copolymerization, and the numbers of 1,2- and 1,4- recurring 
units are determined by the rates of the two polymerization reactions. 
There is also the complicating reaction of cross-linking, which occurs by 
a new addition polymerization reaction in which the side-chain vinyl 
groups participate. 

Sitnthetic Rubber. The investigations in the diene field have been 
very extensive because of the search for a cheap synthetic rubber. The 
amount of research which has been done has been closely connected 
with general economic and political conditions throughout the world. 
Thus, the shortage of natural rubber in Germany in 1914-1918 led to the 
development of the production of a synthetic rubber from dimethyl- 
butadiene (V) at the rate of about 150 tons a month at one time. When 
natural rubber became available again this synthetic product was 
abandoned. 

CHs==C-C=CHi! 

1 1 

CHa CH, 

V 

With the increase in the price of crude rubber which began in 1925 
and lasted long enough to impress many industrial chemical corpora¬ 
tions and their associates with the value of a good synthetic rubber, a 
renewed interest in the problem developed. The price of rubber then 
declined, however, and only a few companies continued extensive re¬ 
search programs. Rubber continued to drop in price, reaching very low 
levels in 1932-1933 (less than $0.05 per pound for ribbed smoked sheets), 
and then advanced again slowly. In June, 1940, the price of ribbed 
smoked sheets was about $0.22-0.23 per pound. During this time the 
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du Pont Company was engaged in the process for producing “Duprene,” 
later called “Neoprene,” from chloroprene or 2-chlorobutadiene (VI). 

Cl 

1 

CHs ==C—CH=CH2 

VI 

The resulting product was rather costly, especially at first (ca. $1.00 
per pound in 1935-1936), but fortunately it is greatly superior to 
natural rubber in some respects, especially in its resistance to the action 
of hydrocarbon solvents. It has therefore found continuous use and 
the price has dropped to lower levels. 

In Germany a great deal of interest has been shown in the rubber 
problem over the last ten years, as evidenced by the number of patent 
applications and the present development of the industry in that country. 
Synthetic rubbers have been in production for some time. These were 
originally prepared from butadiene (I) by the action of sodium and 
were known as “Buna” rubbers. Lately several new modifications, such 
as “Bvma N” and “Buna S,” have appeared. These are outstanding 
improvements and are copolymers of butadiene with acrylonitrile and 
styrene, respectively. 

Other important synthetic rubbers which have appeared recently in 
this country are “Ameripol,” “Butyl Rubber,” “Koroseal,” “Chcmi- 
gum,” “Hy-Car,” polyisobutylene, and “Thiokol.” Ameripol, Hy-Car, 
Chemi-gum, and Butyl Rubber have not been described in detail in the 
literature, but they are probably copolymers of which one constituent 
is butadiene. Koroseal, Thiokol, and polyisobutylene have been 
described in earlier sections. 

All these materials have slightly different characteristics which 
influence their use, but all have the same objective: the replacement of 
natural rubber as a major commodity. It seems likely that the future 
development in this field will not be directed to the production of a 
single material which will serve as a substitute for natural rubber in all 
its manifold uses, but rather that a number of different polymers of a 
wide range of properties will be manufactured, and that within any 
particular field there will be available a product which is better or cheaper 
than natural rubber. The tire industry, of course, serves as the largest 
rubber consumer in all industrial countries (the consumption in this 
eountiy is estimated at about two-thirds of the total rubber importa¬ 
tion) and hence will be the scene of the greatest competition. The whole 
field# not a small one; rubber ccmsumption in the United States for the 
of May, 1940, was estimated at 51,619 long tons. One of the 
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most fruitful of research avenues seems to be the study of copolymeri¬ 
zation, although the mode of processing plays such an important role 
that studies of the polymerization proper and the technical utilization 
of the preliminary product are inseparable. 

It win be noticed that a rather curious event has occurred in the 
course of the development of synthetic rubbers. Unvulcanized natural 
rubber is an isoprene polymer (VII) and as such consists of a hydro- 

— ■—CH 2 —C=CII—CH 2 —■ — 

1 

L CH, J„ 

VII 

carbon chain containing about one double bond for every five carbon 
atoms. It was therefore thought, very naturally, that rubberlike prop¬ 
erties were dependent on exactly this type of structure, and that only a 
diene polymer would approach natural rubber in its qualities. But it 
now appears that something besides the diene polymer structure is 
concerned with these properties, since the substitutes polyisobutylene, 
Koroseal, and Thiokol are not derived from dienes. The length of the 
molecule is undoubtedly of great importance. 

Another factor must be considered in these studies. Rubber as 
precipitated from latex is very different in its properties from the tough 
elastic material which is usually the desired form. Vulcanization and 
the incorporation of certain materials such as zinc oxide and carbon 
black are corollaries to the development of the finished product. The 
changes in structure which occur during the vulcanization procedure are 
generally taken to be the creation of cross-links between the molecules 
by means of sulfur bridges set up at the unsaturated bonds. This 
means that some variety of cross-linking seems to be necessary for the 
full development of a good rubber, and that for a normal vulcanization 
some unsaturation must be present. 

The arrangement of the molecules also seems to be highly important. 
It is apparently essential that the linear molecules of the polymer be 
aligned in the same fasliion, side by side, for the full development of 
elastic properties. In rubber this is carried out by natural forces. In 
the synthetic materials a sort of mechanical vulcanization may often 
be observed. Suitable working of the polymer leads to an alignment 
of the molecules and consequently to elasticity. 

All the industries using large quantities of rubber as a raw material 
have been continuously engaged in research directed to the production 
of better and more useful articles. The design of the finished product 
and the technological features of its manufacture are of necessity based 
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on the assumption that natural rubber will be the starting point, and 
consequently they must take full cognizance of the strength and weak¬ 
nesses of rubber. The new materials may surpass rubber in many 
respects and yet be inferior in others, or at least possess some different 
qualities, so that much technological research will be required if full 
advantage is to be taken of these synthetic materials. 

The question of finished cost, balanced against the ability of the 
product to do the work for which it was designed, must play an impor¬ 
tant part in the scheme of development. Easy production of a monomer 
in the laboratory does not guarantee its success in a commercial field. 
Any attempt to produce a synthetic rubber must be accompanied by a 
method of producing the monomer at a low cost. For a long while this 
phase of the situation caused considerable difficulty. At the present 
time the new methods developed by the petroleum industry seem able to 
supply the starting materials at low cost and in tremendous volume. 
Butadiene and isobutylene may be produced easily, as may acetylene, 
which is the starting point for chloroprene. It therefore seems probable 
that within a few years synthetic rubber will be fairly inexpensive. 

Polymerization of dienes by means of the alkali metals, especially 
sodium, is a well-known method. The use of sodium in this connection 
was notedas early as 1910 in England. This reaction has been 
investigated extensively both academically and commercially. Ziegler 
has been esjjecially identified with the study of alkali metals and alkali 
alkyls and their effect on dienes. This work was reviewed in 1936.^^® It 
has been found that both 1,2- and 1,4-addition may occur, but that 
higher temperatures favor 1,4-addition. It is presumed that the alkali 
metal or alkali alkyl adds to the double bond to form an intermediate 
compound and that then this intermediate of the 1,4- or 1,2-type adds 
butadiene molecules stepwise. Lithium is especially useful for these 
studies. The alkali metal takes a position at the end of the chain after 
each addition and is then available for another addition. Schulz has 
pointed out that some of Ziegler’s conditions are not those which would 
obtain in a true polymerization reaction and that a slightly different 
interpretation is possible. With butadiene, for example, lithium may 
add at one of the double bonds: 

MatU> 0 Wa and Btrange, Britiih patent, 24,790 (1010). 

Ziegler and Bftltr, Ber., SI, 25S (1928); Zieidor, Crdsenuum, Kleiner, and Sdiftfer. 
Ann., 413, 1 (1929); Zie$^er and Kleiner, Ann., 47S, 67 (1929); Ziejcler, Dwaoh, and Wtdl- 
tban, Ann., >11, ig (1934); Ziegler, Jakob, WoUtban, and Wene, Ann., >11, 64 (1934); 
Zie^W, Grimm, and Wilier, Amt., >41, 90 (1940). 

”*ZUBLer, Angtte. Chem., 49, 499 (1936), 

fWSchvil*, Ergeb. exakt. Naturm., 11. 367 (1938). Bee eleo Houvink "(atemle iind 
TetitlaMao^e der KunstatoSe," Akad. VerlagB. Leii»ig (1939). 
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CH#=CH-CH=CH, 
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LiCH,CH=CHCH; 

/ VIII 

/u 

LiCH,CH=CHCH,Li 

IX 


CHs=CH—CH=CH2 


LiCHjCH=CHCHsCHzCH=CHCHr 

X 


The next reaction will be dependent on the relative concentrations 
of lithium and butadiene. If the lithium is present in large amounts, 
then IX will be formed in considerable amount. The intermediate VIII 
may also add butadiene to form X, which is then faced with the same 
alternatives as the original compound (VIII). The hthium is therefore 
both a chain initiator and a chain terminator, and the lower the con¬ 
centration of the monomer, the lower will be the average molecular 
weight of the product. The final products, however, will be the same 
whether the reaction proceeds chainwise through a free radical mecha¬ 
nism or through a metal-alkyl addition of successive monomer units as 
suggested by Ziegler. 

That only comparatively small amounts of sodium are necessary 
for the polymerization has been a general observation. For example, 
an experiment utilizing only 0.001-0.3 per cent sodium has been de¬ 
scribed.”® The sodium and butadiene are condensed together on a cold 
surface to obtain a fine dispersion of the sodium. Solid polymers may 
be obtained in two to thirty-six hours at 10-15°. 

The kinetics of the reaction have been studied by Abkin and Med¬ 
vedev for butadiene and sodium. These authors hold Ziegler’s view 
that two atoms of sodium add to butadiene, and that subsequent addition 
of butadiene occurs with the sodium atom continually moving to the 
chain end to provide an active center. It was found that a primary 
period was observed during which the rate of polymerization gradually 
increased until some definite value was reached, after which it became 
constant. This preliminary period is presumably due to the formation 
of primary sodium-butadiene compounds, and is very much slower than 
the rate of addition of butadiene to these active points. A number of 
experimental lUQiculties were encovmtered during the course of the 
investigation, and it was found that the results were reproducible only 
when carefully purified butadiene was employed in the absence of 
oxygen and light. 

For commercial polymerizations sodium has been employed in the 
form of wire or rods and in a finely divided state as powder. Zinc rods 

mZelinanov and ShBlnikov. J. Phyt. Chem. i, 353 (1033). S«e BoUand, 

Proe. Roy. Soc. (London), A17B, 24 (1941), for a recent discuanon of the meobanum of 
diene polymeruation by metal oataiyeta. 

Ahkin and Medvedev, Trans, F<xrada.y Soe., JS, 28G (1036). 
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dipped in sodium have also been used. An atmosphere of carbon 
dioxide was employed with the process for the production of “Methyl 
Rubber B” by the Badische Anilin und Soda-Fabrik. At the present 
time sodium polymeriaates are still in commercial use. “Buna 85“ of 
the I. G. Farbenindustrie A.-G., as well as “Buna 115,” are sodium- 
butadiene polymers. The Russian products “SK A” and “SK B” and 
the Polish “Ker” are also of the same type. The German rubbers are 
liquid-phase polymerizates prepared vath finely divided sodium.”^ 
Chloroprene cannot be polymerized by this method. 

Much of the synthetic rubber in commercial production today is 
polymerized in emulsion. The resulting latex is easy to handle, and the 
products are generally superior to those obtained in other fashions. 
Lower temperatures may be employed, and consequently the amount of 
low-molecular-weight polymers is decreased. The monomer is emulsi¬ 
fied in an aqueous solution with some agent as sodium oleate, linoleate, 
or stearate, or the sodium salt of certain sulfonic acids. The mixture is 
usually homogenized to increase the yield and the velocity of poly¬ 
merization. A protective colloid as gelatin, milk, albumin, glue, or a 
similar compound is often added. A catalyst containing loosely held 
oxygen is generally necessary to initiate the reaction, and compounds 
such as hydrogen peroxide, benzoyl peroxide, perborates, persulfates, 
percarbonates, ozonides, and metallic peroxides have been used. The 
organic or inorganic salts of metals such as cobalt, manganese, and lead 
have also been suggested. Certain halogen compounds such as tri¬ 
chloroacetic acid and carbon tetrachloride have been said to have an 
accelerating effect on the polymerization. 

Most of the current rubbers being made in Germany are copoly¬ 
mers.'*® “Buna 85” is now produced only in small quantity sintse its 
soft vulcanizates are considerably weaker than thos3c of natural rubber 
or the copolymers. It has some advantage for use as a hard rubber. 
The principal mixed polymers employ styrene or acrylonitrile. “Buna 
S” is a styrene-butadiene copol 3 Tner prepared in aqueous emulsion. It 
is used generally for tires and mechanical rubber goods. Here a high 
degree of oO resistance is not demanded. In heat and abrasion resistance, 
it is said to be superior to natural rubber. It shows lower water absorp¬ 
tion and has aging properties superior to those of natural rubber, but 
its resistance to hydrocarbon solvents represents only a very slight 
improvement. A hot-air plastidzing treatment at 110-140® is usually 
carried out on Buna S before vulcanization. A slight pressure is favor- 
process softens the product and allows further processing in 
thojame fariiion as natural rubber. is apparently necessary for 

Ind. Bnt. CW., 404 (IMO). 
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tMs treatment, which seems to be an exothermic reaction, but no change 
in composition of the poljnner has been detected. 

“Perbunan” (“Buna N”) and “Perbunan Extra” are prepared in an 
emulsion using butadiene and up to 40 per cent acrylonitrile. (The 
Extra grade contains more of the nitrile than the standard.) This poly¬ 
mer is not given a hot-air plasticizing treatment but is milled on cold 
rolls before processing. Its principal value lies in its resistance to hydro¬ 
carbon solvents, although it has been reported that excellent tires have 
been made from Buna N type polymers. The raw Perbunans are insolu¬ 
ble in gasoline and aliphatic hydrocarbons but are soluble in aromatic 
and chlorinated hydrocarbons and, unlike natural rubber and Buna S, 
in ketones such as acetone and methyl ethyl ketone. The vulcanized 
products are quite insoluble. Vulcanization of these materials is gener¬ 
ally very similar to that of natural rubber. 

Chloroprene is also polymerized in an emulsion. The normal speed 
of polymerization of chloroprene is much more rapid than that of 
isoprene, and apparently in emulsion form the rate is accelerated. 
Oxygen also acts as an accelerator. The outstanding properties of the 
finished product are its resistance to combustion (because of the high 
chlorine content) and, most important, its resistance to swelling when in 
contact with organic liquids. It is also more resistant to oxidants than 
is vulcanized natural rubber. 

The development of the whole synthetic rubber field up to 1933 has 
been covered in an excellent fashion with great detail by Whitby and 
Katz.*®^ The situation to 1939 is reviewed by Konrad in Houwink’s 
book.”^ 

Polysulfones 


The addition of sulfur dioxide to an olefin or olefin derivative is a 
special case of copolymerization and is also a case of heteropolymeri¬ 
zation since sulfur dioxide alone does not polymerize. The reaction 
was discovered by Solonina,‘“ who described the addition products of 
this type from aJlyl alcohol and various allyl ethers. Matthews and 
Elder extended the reactions to the simple olefins from ethylene 
through amylene and showed that the products had the compoation 
(RCH=CH2S02)„. 

The field was investigated very actively beginning about 1934 when 
several investigators in various laboratories simultaneously took up a 
study of these products. Staudinger in 1932 and Seyei and King^** in 


''NVkVVw MVX ^bvd.. vassa tWAav , 

«* BoioiaM. j- Kuo*- f 
‘M Matthew, and Elder, Bn^ 

a* Begm aad KtaB, /• CMm. i>oc., n, 8140 (1988). 
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1933 suggested that the addition compounds were polysulfones (I). Ex¬ 
perimental confirmation of this structure was furnished by the work of 
Frederick, Cogan, and Marvel and Staudinger and Ritzenthaler.*** 


—(CH,CH,SOs)„— 

I 


The addition reaction runs smoothly for 1-olefins and their functional 
derivatives, l-alkynes, and a few 2-olefin8.*®’’ Mixtures of olefins 
and sulfur dioxide give complex copolymers. In most of the polymers 
the ratio of olefin or acetylene derivative to sulfur dioxide is one mole¬ 
cule to one molecule. Vinyl chloride, however, gives a polymer with 
two vinyl chloride units to one sulfur dioxide unit. 

The polj^sulfones all have the head-to-head, tail-to-tail structure 
(II) as shown by the alkaline cleavage to the cyclic disulfone (III) and 


—[<!jhCH,SO: 


R 1 
',chj(!;h8oJ„ 


R 

CH, 

Alkali . 

-). SO, so, + CH,SO,CH,CHSO,Na 


II 


^CH—C^, 


R 

,(!;i 
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_ SsCli 

RCH=-CH, 


R—CH-CH, 

<i, \ 


III 

\ 

Oxidation 

R—CH—CH, 


R—CH—CH, 


„ NaxB 
8 —^ S 


R^H-C^ 


IV 


+ RC/ 


0 


H 


the salt of the sulfone sulfinic acid (IV) whose structures have been 
estabfished by synthe^. The pol 3 nner chains usually end with hydro- 

Frederick, Cogen, and Marvel, ibid., M, 1816 (1934). 

*** Staudinger and Ritaentbaler, Ber., SKB, 466 (1936). 

>»T Ryden and Marvel, J. Am. Chtm. Soe., Vt, 2311 (1936); »8, 2047 (1936); Olavis, 
Ryden, and Marvel, itrid., 69, 707 (1937); Ryden, Qlavie, and Marvel, ibid,, 69, 1014 
(1937) Marvel, Davie, arid Olavia, ibid., 66 , 1460 (1938); Marvel and Glavia, Qnd., 60, 
2622 (1938); Marvel and Sharkey, ibid., 61, 1603 (1939); Marvel and Dunliy,, ibid,, 61, 
2709 (1939). 

‘“Snow and Frey, Ind. Eng. Chem., 80. 176 (1938); Fitch, U, 8. patent, 2,0^862 
(1986); Frey and Snow, tl. S. patmi, 2,112,986 (1938); Frey, Htdh, and BnOW. U, B. 
patent, 2,114,292 (1938); Frey and Bury, U. 8. patent, 2,118,813 (1938); Snow, IT. S. 
patwri, 2,136.028 (1938); Frey and Snow, U. 8. patent, 2,184,296 (1939): Frey. Fitdi, 
Wd Snow, U. 8. imtent, 2,192,467 (1940) > Frey, Snow, and Fiteii, U. 8. patent, 2,198,981^ 
GMO) ; Frey and Fitch, V. 8. patent, 2,192,466 (1940). 

“•Hunt and Marvd, J. Am. Cbtm. Soe., 97.1691 (1986), See alw reference 187. 
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carbon units, as only in propylene polysulfone is there evidence of an 
acid group in the molecule. Most of the poisoners are alcohols, as they 
can be acylated with trichloroacetyl chloride. Hence the chain reaction 
apparently stops by the addition of the elements of water at the ends 
of the polymer chain. 

A large number of substances have been found to act as catalysts for 
the polymerization reaction. In addition to oxygen, peroxides, and 
actinic light, which usually cause addition polymerization reactions, it 
has been reported that nitrates, oxides of nitrogen, silver salts, and 
monovalent copper will catalyze polysulfone formation, Kharasch and 
Sternfeld have found that hydrogen chloride increases the activity of 
ascaridole as a catalyst and have been able to convert a trisubstituted 
olefin, 2-methyl-2-butene, to a polysulfone by this method. 

The polysulfones are white, amorphous powders with relatively high 
melting points. They decompose at high temperatures to yield the 
original olefins or olefin derivatives and sulfur dioxide.’^*' They are 
cleaved by alkalies to yield cyclic disulfones and other low-molecular- 
weight products. 

These polymers have rather high molecular weights, which usually 
fall in the range of 50,000 to 200,000 on the basis of end-group analysis 
and viscosity of solutions.**^ They are soluble in various organic 
solvents if prepared from olefins with more than five carbon atoms. 

Aldehydes 

Aldehydes may polymerize to high-molecular-weight products in a 
number of fashions. The aldol condensation, for example, may be 
repeated successively with consequent formation of long-chain com¬ 
pounds. Formaldehyde may condense with itself to form the so-called 
formaldehyde sugars. The production of the polyoxymethylenes is, 
however, a different type of pol 3 rmerization. The properties of these 
latter materials have been stucfied extensively by Staudinger.^^ 

Evaporation of an aqueous solution of formaldehyde results in the 
formation of paraformaldehyde. This is a fairly low-molecular-weight 
polymer, of degree probably up to about 50. A polymer of the same 
type, but of somewhat higher degree, may be obtained by the addition 
of sulfuric acid. There are three possibilities for the mechanism of the 
polynaerization. 

1. The condensation of formaldehyde molecules with a methylene 
glycol stnxcture may occur as follows. 

iw Ktch and Frey, U. S. patent, 2,113,584 (1938); U. S. patent, 2,192,466 (1940). 

Xliaraach and Sternfeld, J. Am. Chem. Soc., 82, 2559 (1940). 
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OH yOCHjOH 

2\ + HCHO CHi< + H 

X)H \OH 

OCHjOCHjOH 0CH*0CH2 ■ • • OCHjOH 

I i 

CHs + HCHO -f CHs 

I I 

OH OH 


2. The condensation may proceed through a successive series of 
condensations of methylene glycol. 

HOCHjOH + HOCHjOH -f • • • + HOCH^OH -> 

HOCHzOCHj • ■ ■ OCH 2 OH + H 2 O 

3. The polymerization may proceed through the carbonyl bond, 
probably with the addition of water to satisfy the end groups. 

HsC==0+ H2C=0 + • • • + H2C=0-» • • • CH 2 OCH 2 OCH 2 OCH 2 O • • • 

The latter mode of polymerization seems attractive as an expla¬ 
nation for the very-long-chain polyoxymethylenes produced from liquid 
formaldehyde at low temperatures (-80®, -20°). These substances are 
generally glassy solids which become plastic when heated and can be 
drawn into fibers. The fibers lack the elasticity of the polyester and 
polyamide fibers, but the possibility of their formation seems to indicate 
a high molecular weight. There is probably no difference in chemical 
structure between the higher polyoxymethylenes and the lower para¬ 
formaldehydes. Sauterhas described the molecular structure to be 
inferred from molecular diffraction patterns. 

In the lower ranges several modified structures may exist. If 
methanol is present in the aqueous solution, the polyox 3 anethylene 
may have one or both end groups present as methoxyl instead of the 
dihydrate structure. 

HOCH 2 OCH, • • • OCH*OCHi 
CH,0CH20CH2 • • • OCH 2 OCH, 

These compounds contain up to about 100 oxymethylene units. Acetate 
end groups may also be introduced by acetylation. 

CHjCOOCHtOCHj • ■ ■ OCHsOH 

CHiCOOCH*OCHt • • ■ OCHaOCOCH, 

"•Savter. Z. Chem., Ml. 181. 186 (1933). 
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The dihydrate represents a hemiacetal structure and hence may 
be hydrolyzed by dilute acid or dilute alkali. The dimethyl ether 
is an acetal and is therefore stable to alkali, but may be hydrolyzed by 
acid. The diacetate may be decomposed by warm alkali and by dilute 
acid. 

As these compounds are of relatively low molecular weight, end- 
group studies may be used for molecular-weight determinations. Hydrol¬ 
ysis of the dimethyl ether with dilute hydrochloric acid, for example, 
liberates methanol which may be determined analytically. 

There also exists a compound, a-trioxymethylene, which is appar¬ 
ently a trimer (I). An analogous compound is also presumed to exist 
for acetaldehyde (II). Mixed compounds of this variety from two 


CHs 


O 0 

1 1 

HsC CHi 


CH 

/ \ 

0 0 

I 1 

H,C—CH CH—CH, 

\y^ 

II 


moles of an aldehyde and one mole of chloral have been described by 
Hibbert.^** Thioformaldehyde pol 3 maerizes very rapidly when prepared 
and is believed to a-ssume a linear thiomethylene structure analogous to 
the polyoxymethylenes. 

The polymerization of formaldehyde and acetaldehyde in the gaseous 
phase has been studied and it was found that formic acid had a marked 
accelerating effect. The mechanism is presumed to be the following; a 
formic acid molecule condenses with a formaldehyde molecule leading 
to an intermediate which may then add formaldehyde successively to 
form a long-chain compound (HI). It may also add formic acid at any 
point and form an intermediate having two available hydroxyl groups 
(IV), both of which are capable of initiating polyoxymethylene chains. 
Hence the formic acid has the effect not only of initiatu^ chains but 
also of causing them to branch (V). The reaction probably stops when 
a formaldehyde molecule reacts with a hydroxyl group at the end of a 
chain with loss of water (VI). 

The higher aliphatic aldehydes undergo a very curious pol 3 nneri- 
zation under high pressures.^** n-Butyraldehyde, n-valeraldehyde, and 

»» Hibbort. Gillespie, and Montonna, J. Am. CKem. Soe., 60, 1960 (1938). 

Carruthers and Norrish, Traas. Faraday Sac., SS, I'OS (1936). 

Ml Gcnant and Pateraon, /. Xm. CA«m. Soc., 64 , 828 (1082). 
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OCH^H OCHaOCH^H 0{CH,0),CH,0H 

HCOdH + HCHO -+ OcIlH + HCHO — odiH OcIh I 



IV V 


0(CH,0)„CH,CH0 + H,0 

odjH 

VI 

7^-heptaldehyde are transformed into hard, transparent solids by long 
treatment at 12,000 atmospheres. At 4000 to 6000 atmospheres with a 
benzoyl peroxide catalyst the product is white. Oxygen or peroxides 
act as catalysts for the reaction. The product is probably of the struc¬ 
ture indicated by formula VII. 

R R H R 

I I I I 

CH CH CH CH 

/ Xq/ X 

vir 

The nature of the end groups is uncertain. The butjTaldehyde 
polymer is insoluble in the common solvents but swells in benzene and 
toluene, Depolyraerization may be effected by heating or by small 
amounts of aqueous acids or alkalies. 

Numerous other observations have been made on aldehyde poly¬ 
merizations. Glyoxal, for example, forms a polymer. But 3 Taldehyde 
on treatment with a little sodium hydroxide forms a series of higher¬ 
boiling products. Benzaldehyde under the influence of light forms 
resinous materials of the same elementary composition as the starting 
material. The structures of these materials, however, are uncertain. 

Cyclic Compounds 

rhfi polymerization of cyclic compounds has been encountered 
l^viously in the polyesters (p. 707). ^me lactones polymerize more 
or less readily to form long-chain polyesters. It is not certain whether 
a smafl amount of 'water intervenes to give the hydroxy acid, followed 
lify successive addition of lactone rings, or whetW the chain is built 
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up by simple coalescence of the rings. In any event, the stability of 
the lactone determines the rate of the polymerization. 

The cyclic compounds ethylene oxide, ethylene sulfide, and ethylene 
imine polymerize rather easily. Ethylene oxide has been studied by 
Staudinger”^ and particularly by Hibbert.^*® Its polymerization is 
catalyzed by a number of materials, including stannic chloride, sodium, 
and trimethylamine. The reaction may proceed so rapidly as to become 
explosive. The structure of the resulting polymer is that shown by 
formula I. 

H0(CH2CH20)„H 

I 

Hibbert and his co-workers have shown that the reaction is a 
stepwise addition of ethylene oxide to polyethylene glycols previously 
produced. Floryhas studied the ratio of the weight average to the 
number average molecular weight in this series and finds that it ap¬ 
proaches unity. The molecular weights vary considerably, but prepara¬ 
tions avera^ng about 120,000 have been recorded. The lower polymers 
have molecular weights in the range up to a few thousand. The poly¬ 
ethylene glycols with 3, 6, 18, 42, 90, and 186 repeating units have been 
studied by Lovell and Hibbert.^*® 

By polymerization of ethylene oxide with alkaline catalysts, water- 
soluble waxes have been obtained. These are known commercially as 
“Carbowaxes.” 

Other oxides as propylene oxide may be polymerized with catalysts 
like stannic chloride. C’ydohcxene oxide has been polymerized under 
pressure.**® Ethylene sulfide pol 3 Tnerizes easily to a substance analogous 
to that obtained from the oxide. 

Mechanism of Addition Polymerization Reactions 

As has been pointed out, the reactions leading to the formation of 
condensation poljTiiers are considered to be of the same nature as the 
corresponding simple condensation reactions of organic comxK>unds, 
such as esterification, etherification, amide formation, and aldol con¬ 
densation, differing only in the fact that the reactions are capable of 
indefinite repetition. The extensive investigations of this type of poly¬ 
merization have shoTMi *■**• that the structure and size of the polymeric 
molecules, as well as the kinetics of their formation, are in agreement 
with a mechanism involving successive condensation reactions, each 

"• Bee Perry and Hibbert, ibid., 61, 2699 (1940), lor leading reterenoes. 

»»»Flory, ibid., 86, 1661 (1940). 

»•» LoveU and Hibbert, *«.. 61 , 2144 (1940). 

Flory, <6td., 69 , 466 (1937) (oondeusatiou); 69 , 241 (1937) (addition). 
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individual step being no more unusual or complex than the ordinary 
reactions of organic compounds. 

Addition polymerization, however, possesses certain peculiarities 
which clearly distinguish this type of reaction and which have led to 
many investigations and much speculation concerning the mechanism 
involved. The essential distinguishing feature is that the average 
molecular weight of the polymer molecules first formed is very nearly 
tide same as the molecular weight of those formed later, in marked con¬ 
trast to condensation polymerization, in which the polymeric molecules 
continue to increase in size during the course of the reaction. In 
addition to this unustial mode of formation of addition polymers, any 
entirely satisfactory mechanism for the formation of these substances 
must, of course, also be capable of accounting for such structural con¬ 
siderations as orientation of the monomer units, end groups, and chain 
branching. 

The generally accepted explanation of these characteristics consists 
of a mechanism dividing the reaction into three steps involving (A) 
activation of individual monomer molecules, followed by (B) rapid 
reaction of the active form with successive molecules of monomer, 
retaining the activity, and finally (C) a loss of activity in some manner 
to yield a stable polymer molecule. 

The intimate mechanisms of these various steps in the process, 
initiation (A), propagation (B), and cessation (C), have been the sub¬ 
jects of extensive investigation, particularly by means of kinetics, cor¬ 
related with the average size and size distribution of the polymers. 
Styrene,\inyl acetate,'"® methyl meth¬ 
acrylate,^"’ '®® and dienes have been the monomers receiving most 
attention. They have been polymerized thermally or under the influence 
of such catalysts as peroxides,'®"’'®®’metal halides,'"* alkali 
metals,”® light,*" or various free radicals, generated chemically or 
photodiemically.*" 

The analytical procedures for following the rate of reaction have been 
isolation of the poljTuer,"*’ titration of the monomer by bromine,'"*’'®® 
change in volume,*®*’ *** and, most recently, the change in rotation on 

Norriah and Broedeman, Proc, Roy. Soc. (London), A171, 147 (1939). 

Schula and Huseounn* .?* phyoik. CAcm., B39, 240 (1938). 

Schulz and Witi3^-,Nat%trvnt0en9diaften, S7, 387, 466 (1939). 

“* Schulz, tWd.. 1S68 (1939). 

*»* WiUiam^ J. Soc.. 776 (1940)-. 

”• Whitby, Tran^amday Soc., SI, 816 (1936). 

Cuthbertaon, Gee, and lUdeal, Proc. Boy. Soc. (London), A176, 300 (1939); Kamen- 
alcaya and Medvedev, Acta Phyticochim. {UJt.S.S.), 18, 606 (1940). 

Marvel, Doc, and Cooke, J. Am. Cham, Soc., 6S, 3499 (1940). 

** Jkioe and KeU, ibid., *8, 2798 (1941). 

“♦ ^kwBothor and Taylor, iW., 61. 4708 (1930). 
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polymerization of optically active monomers.*®’'’ *®* Owing to difficulties 
in analytical procedure, a majority of the investigations of the kinetics 
of polymerization has been carried out without a diluent ***“’ *®®’ *®* or 
over such a wide range in mole fraction of solvent ’***' *®' that any deduc¬ 
tions as to the mechanism, are complex and difficult because of the 
possible effect of the change in solvent medium on the rates of the 
various steps involved in the reaction. 

In general, there have been two essentially different viewpoints with 
regard to the nature of the propagation reaction. That originally 
proposed by Staudinger *'® and supported by many other investi¬ 
gators *®®’ *®®’ *°® has indicated a specific mechanism involv¬ 

ing addition of an active free radical to the double bond of a monomer 
molecule, generating a new free radical which can in turn add again to 
another monomer molecule. As a free radical chain reaction, polymeri¬ 
zations proceeding by such a mechanism should be characterized by 
being subject to strong inhibition by small amounts of such substances 
as hydroquinone or diphenylamine.*'' It is a well-known fact that 
small amoujits of hydroquinone and other substances are capable of 
preser\mg such monomers as methyl methacrylate, styrene, vinyl 
acetate, and dienes. 

A second ricupoint regards the propagation reaction as an “energy 
chain,” in which an “activated” or “excited” monomer molecule adds 
to a normal molecule yielding an activated dimer w hich can add another 
monomer molecule, the process continuing until the activation is 
dissipated in some manner. 

For thermal poljmerization in the absence of added catalytic agents, 
it has been suggested that the activation process might consist in the 
formation of a diradical,■ *'® either vmimolecular or bimolecular. 


I (A) II 

c==c —> c—c- 


(B) 


cU 


I I (A) I I I I 

2G=C -^ • C—C—C—C • 



Burk and later Irany have clearly pointed out that a serious draw- 

*“ See Staudinger, Trans. Faraday Soc., SZ, 97 (1936). 

See, o.g., Price, J. Am. Chem. Soc., 68, 1834 (1936), 

•“ Burk, Ind. Eng. Chem., BO, 1069 (1938). 

«»Irany. J. Am. Chem. Soc., 68, 2690 (1940). 
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back to this suggestion is the absence of cyclic polymers, especially 
trimers, whidi might be expected from such diradicals. 

The extensive investigations of Schulz on the thermal polymeri¬ 
zation <rf styrene, alone and in various solvents, have indicated that the 
initiation process in this case may be a unimolecular activation of 
styrene, leading to a free radical propagation reaction between monomer 
and an active chain and a cessation reaction involving mutual deactiva¬ 
tion of two active free radical chains, either by coupling or, more prob¬ 
ably, by disproportionation.^** Breitenbach has disputed the pos¬ 
sibility of drawing any safe conduaons concerning the intimate mecha¬ 
nism of a reaction from kinetic data over as wide a range of solvent con¬ 
centration as that employed in the investigations by Schulz, Husemann, 
and Dinglinger.*^*'However, Schulz and Witrig have clearly 

demonstrated the possibility of the initiation of polymerization by 
free radicals, using the dissociation of tetraphenylsuccinonitrile 
'(C»Hi)sC-C(C*H6)*'J ** and the thermal decomposition of benzene- 

CN CN 

azotriphenylmethane [(C 6 H 6 ) 3 CN=NC 6 Hs] as sources of free radicals. 
Melville has also used free radicals to initiate the polymerization in the 
gaseous phase. The sources of free radicals were the mercury-vapor- 
sensitized photochemical dissociation of hydrogen into atoms and the 
photolysis of acetaldehyde. 

For the benzoyl peroxide catalysis of the polymerization of styrene, 
Schulz and Husemann have concluded that the propagation and ces¬ 
sation reactions remain unaffected by the catalyst. The catalyst serves 
merely to increase the rate of the initiation reaction. Schulz has sug¬ 
gested a mechanism for the initiation reaction in the presence of per¬ 
oxides involving the equilibrium formation of a complex between the 
catal}n3t and styrene, which then decomposes to give an activated 
styrene molecule. At constant solvent concentrations, however, his 
data show the rate to be proportional to the square root of the catalyst 
concentration, in agreement with the results of Cuthbertson, Gee, 
and Rideal *** using the same catalyst with vinyl acetate. Melville 
has pointed out that such a dependence of the rate on the catalyst con¬ 
centration is strong indication of unimolecular decomposition of catalyst 
as the initiation prppess and mutual (bimolecular) deactivation of active 
chains as the cessation reacrion. This view is supported by the kinetics 
of the peroxide-catalyzed polymerization of d-seo-butyl a-chloroacrylate 
in dilute dioxane solution.*®* Price and Kell *®* have pointed out that 

»*maafenbach, Z. phytOe. Chem., Btf, 101 (1939). 

ijldviUe, Ann, Kept*. Chem. Boc, {London), M, 61 (1939). 
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the specific nature of this unimolecular chain-initiating reaction of per¬ 
oxides is most probably their decomposition into free radicaJs, proposed 
by Hey and Waters *** to account for the thermal decomj)osition products 
of acyl peroxides in various solvents. This suggestion has offered an 
excellent explanation for many of the unusual catalytic effects of per¬ 
oxides; the unimolecular nature of the process is supported by 

an investigation of its kinetics.^® In support of the mechanism of 
chain initiation by free radicals from the decomposition of the acyl 
peroxides is the observation that polyst 3 Tene prepared with p-bromo- 
benzoyl peroxide as the catalyst contained bromine in approximately 
the correct amount for two halogen atoms per polymer molecule.**^ 

This free-radical mechanism of peroxid^ catalysis may be illustrated 
by the following simple equations, in which M represents the monomer 
molecule and the dot indicates the odd electron of the free radical: 

Initiation (A) 

(AiCOih 2ArC02- 
ArCOj * —> CO 2 "b At* 

Propagation (B) 

Ar- + M —♦ At —M- 


At —M- 4- M —> At —M»* 


At —M*' + M 

Cessation (C) 

I 1 

At—M,- + Ar—M„—C—C- - 

1 I 

H 


At—• 


At—M*—H 4 At—M 



or 


2 At—M x- —♦ At—M*M,—A r 


Individual active polymeric chains may be deactivated and trans¬ 
formed into stable polymer molecules in several ways. For example, the 
free radical may lose a hydrogen atom from the adjacent carbon atom 
to give a polymer molecule terminated by a double bond, or it may 
acquire a hydrogen atom from some other molecule in the reaction 
mixture to pve a saturated polymer.*^ Either of these processes, how- 

Hey and Waters, Chem. Rev,, 11 , 169 (1937). 

Kharasch, Mansfield, and Mayo, J. Am. Chem. Soe., 59, 1166 (1937). 

«“ Kharasch and H. C. Brown, ibid., *1, 2142 (1939); 68, 926 (1940). 

“• Kharasch, Kane, and H. C. Brown, ibid., 63, 626 (1941). 

***D. J. Brown, Md., 68, 2667 (1940). 

Price and Kell, 101st Meeting the American (Chemical Society, St Louis, Me. 
April. 1941. 
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ever, is merely a tranter of Uie active free radical, not its destruction, 
since one of the products in each case is a radical capable of generating 
a new active chain. 


y H H \ n n 

At—I —(Ij—( ij— I—^—(il 

/ H H \ H H H 

Ar-j—+ —dj— 

\ U U i ' 


H H 


/ H H V 

V-C=CH,+ H- 

^ \ A i /Ca 


/ H H V H 

V.r—I — d/ — (j — j— dj—c 

V i i u 


H,+ 


4 . 


It is significant to note that the formation of branched-chain poly¬ 
mers can be accounted for either by reaction of an unsaturated polymer 
molecule with an active chain or by means of the second transfer reaction 
above if the substance donating the hydrogen atom is a polymer mole¬ 
cule. Either or both of these reactions also account for the observed 
increase in molecular weight when polystyrene is treated with styrene 
under polymerization conditions and for the occurrence of occasional 
methyl side groups reported on polystyrene chains.’** 


Ar—/CH—CH,\—C=CH, + H- 

\cji, A ioi, 


Ar—/CH—CHA—C—CH, 

\C»H, A d:,H. 
C.H,CH=CH,| 


CH, 

Ar—/CH—CH,\—d:-/ 


a H—CH,\—C-/CH—CH.y 

ji, A d:ji. ^.H, A 


The nature of addition polymerization in the presence of such 
catalysts as boron fluoride, aluminum chloride, stannic chloride, or 
antimony pentachloride must involve a different sort of mechanism. 
Williams *** has measured the kinetics of the polymerization of styrene 
in the presence of such catalysts and formd the rate to be directly 
dependent on the catalyst concentration. 

Polymerization under these conditions may involve a polar chain 
mechanism, initiated by reaction of the catalyst with a monomer mole¬ 
cule. The catalysts are, in general, also effective catalysts for the 
Friedel and Crafts type of reaction which depends on the electrophilic 
(electeron-accepting). nature of the catalysts.*** 

Hunter and Yohe *** have su^ested that the chain-initiating action 

*• 9m Prioe, Chem. Be*., M, 87 (1041). 

*“Rtmtar aad Yqhe, J. Am. Ch*m. Boc., K. 1248 (193». 
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of such catalysts depends on their electrophilic natiu® and consists in 
the acquisition by the catalyst of a pair of electrons from the double 
bond of the monomer. 


II ell 

MCU + C==C -> CUM—C—C® (A) 

II II 

ell II e I I I I 

CUM—C—C® + nC=C CUM—(C—C),—C—C® (B) 

II It ‘ ^ ‘ ' 

till 

HCl + CU-iM—(C—C)„—C=C (C) 


This mechanism is thus analogous to that suggested by Whitmore ^ for 
acid-catalyzed polymerization; in the latter case the electron-deficient 
(electrophilic) catalyst consists of a proton. Under conditions in which 
propagation is rapid compared with the loss of a proton from the active 
polymer, long-chain polymers would result; imder conditions in which 
the reverse holds true, dimers and trimers would be the principal 
products. 

If the cessation reaction were the unimolecular loss of a proton, 
leaving a double bond at the end of the chain, the observations of 
Williams,®®^ i.e., that the rate is directly dependent on catalyst con¬ 
centration, while the degree of polymerization is independent of catalyst 
concentration, would be accounted for. Furthermore, the polymer 
would be an organometallic compound, which may account for the 
difficulty encountered in freeing such polymers from the catalyst. 

In addition to the kinetics of the reaction, an entirely satisfactory 
mechanism for polymerization must account for the structure of the 
polsTuer obtained. In general, monomers with polarized double bonds, 
i.e., those containing negative groups attached at one end of the vinyl 
grouping, such as styrene, acrylic esters, and vinyl esters, m^t be 
expected to polymerize in a head-to-tail fashion, regardless of which 
reaction mechanism is considered. This has been found to be true for 
most of the addition polymers which have been investigated. The 
a-hfiloacrylates,^“ which polymerize head-to-head, tsdl-to-tail, appear 
to be an exception to the general behavior of this type of compound, 
and there is at present no satisfactory explanation for this. 

•« Whitmore, Ind, Eng. Chem., M, 94 (1934). 
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INTRODUCTION 

The reduction of organic compounds may be accomplished by either 
of two general methods; (a) treatment with chemical reducing agents or 
(6) reaction with molecular hydrogen in the presence of a catalyst. The 
%cond process is termed hydrogenation when hydrogen is added to a 
double or triple linkage. Cleavage of a molecule by combination with 
hydrogen in the presence of a catalyst is termed hydrogenolysis. Both 
these processes have been proved to be valuable tools in synthetic 
organic chemistry. It is the purpose of this chapter to provide the fun¬ 
damental background for an understanding of these reactions and for 
their employment in the laboratory. 

The number and nature of the publications in this field are such that 
no critical or comprehensive survey can be made at the present time. 
Books by Sabatier-Reid (1922) and especially by Ellis (1930) give a 
general idea of the historical development and wide application of the 
catalytic combination of hydrogen with organic compounds. Recent 
developments are summarized in the Reports of the Committee on Ca¬ 
talysis published by the National Research Council. The present discus¬ 
sion will therefore be limited to the consideration of the reduction of 
common functional groups, in the presence of the catalysts, nickel, cojv 
per chromite, platinum, and palladium, with such comments on the 
experimental conditions, temperature, pressure, and solvents as may be 
necessary. 

GENERAL METHODS AND APPARATUS 

Four general methods for carrying out the reaction are used. 

1. A mixture of hydrogen and the vapors of the organic compound 
are passed through a tube containing the catalyst maintained at a suit¬ 
able reaction temperature, 20" to 400". The proper rate of flow must be 
determined in order that complete reduction will be effected. TTiis 
method, introduced by Sabatier in 1897, is not applicable to non-volatile 
oobstances, is difficult to contnfl, and hence is of limited applioa- 
iicm. 
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2 . Hydrogen is bubbled through the compound dissolved in a solvent 
in which the catalyst is susptended. Atmospheric pressure and temper¬ 
atures ranging from 20° to the boiling point of the compound or the 
solution may be used. This procedure is wasteful of hydrogen and 
difficult to control. It is used to a limited extent in a few reductions 
such as the Rosenmund (p. 808). 

3. The compound or a solution of the compound is agitated vigor¬ 
ously with the catalyst and hydrogen at a pressure of 1 to 4 atmospheres 
and temperatures of 20° to 60°. Usually the process is carried out in a 
heavy-walled glass bottle mounted in a shaking device and attached to a 
small hydrogen cylinder fitted with a pressure gauge. A convenient 
apparatus is shown in Fig. 1. 

Once the apparatus has been calibrated, the course of the reduction is 
followed by noting the fall in pressure. This method is useful for the 
reduction of functional groups which are easily reduced at low pressures 
and temperatures with catalysts which are active at 20° to 60° such as 
platinum, palladium, and Raney nickel. Because of the limited pres¬ 
sure and temperature ranges this method cannot be used for the more 
difficult hydrogenations or hydrogenolyses. 

4. The fourth process consists in agitating the compound or a solu¬ 
tion of the compound and the catalyst with hydrogen at high pressures, 
50 to 300 atmospheres, and at temperatures ranging from 20° to 400°. 
A special steel reaction bomb is used fitted with a pressure gauge as 
shown in Fig. 2. The vessel is mounted in an electrical heating jacket 
the temptirature of which is controlled by means of a thermocouple and 
electrical control system. One convenient tjTJe of apparatus is shown in 
Fig. 3. The course of the reduction is followed by noting the pressure 
drop at the operating temperature.' Usually it is convenient to calibrate 
each bomb at several temperatures with a known compound. 

This fourth procedure was introduced by Ipatieff in 1904 but was 
not widely used until the improvements in the alloys for the bombs and 
design of reaction equipment made high-pressure reductions relatively 
inexpensive, convenient, and safe. A detailed description of the appa¬ 
ratus and a summary of reductions by this fourth process have been given 
by Adkins. 

From the practical point of view, methods 3 and 4 above have proved 
to be of greatest utility in the laboratory. Most of the reductions 
described in this chapter were carried out by one of th^ methods. 

In order to effect complete reductions smoothly in the minimum 
amount of time, it is necessary that the compound being reduced be 
pure and that a pure solvent be employed. AH catalytic processes are 
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adversely affected by “poisons”; care must therefore bo taken to keep 
the apparatus clean, to use pure compounds, and to prepare the catalyst 
by folloMving exactly the procedure which have been found to produce 
active catalysts. 

PREPARATION OF CATALYSTS 
Colloidal Forms 

Platinum. Paal ® prepared a platinum sol by adding hydrazine 
hydrate to chloroplatinic acid dissolved in a 2 per cent solution of sodium 
protalbate or lysalbate neutralized with alkali. After reduction was 
complete the salts were removed by dialysis and the solution evaporated. 
Black platinum solutions containing from 6 to 78 per cent platinum were 
obtained. These colloids are precipitated by acids. Reduction of a 
1 per cent solution of chloroplatinic add by hydrogen in the presence of 
gum arabic • yields a colloidal sol stable in the presence of adds. Col¬ 
loidal forms of platinum have also been prepared using lanolin ® as a 
protective agent. Colloidal hydrosols of platinic hydroxide have also 
been prepared.* 

Palladium. Colloidal sola containing up to 67 per cent palladium 
protected by sodium protalbate were prepared by Paal * by the same 
procedure described above for platinum. Gum arabic,* soluble starch,*’ * 
and gluten * have been used as protective agents to obtain colloidal sus¬ 
pensions of finely divided palladium. Palladous hydroxide stabilized by 
gum arabic * or lanolin * has also been used. An organosol of palladium 
oleate may be obtained by the action of sodium oleate on amm onium 
palladium chloride.*® 

These colloidal sols of platinum and palladium were used as catalysts 
in many of the early reductions but are not widely used at the present 
time because difi&culties are experienced in obtaining a uniformly active 
catalyst and in isolating the products from reductions. 

’ Paal, Ber., 36 , 2196 (1902). 

* Paal and Amberger, S«r., 87, 124 (1904). 

* Skita and Meyer, Ber., 46, 3589 (1912). 

‘ Amberger, KoUoid-Z., IS, 310 (1913). 

‘ Paal and Amberger, U. S. pat., 1,077,891 (1913). 

* Skita and Meyer, Ber., 46 , 3579 (1912), 

^ Bourgu^, Bull. 8oe. cAim., [4] 41 , 1443 (1927), 

* Hourguel, ibid,, [4] 43 , 231 (1928). 

* Kelber and Schwara, Ber., 46 , 1946 (1912). 

“Suliberger, U. S. pat., 1,171,902 (1916). 
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Amoiphous Forms 

Plathuun Black. 1. By the Reduction of SoltMe Salts. Platimun 
black is usually prepared by the method of Loew,‘‘ whose procedure has 
be^ modified by Willstfitter and Hatt,“ by Willstatter and Wald- 
schmidt-Iidtai,“ and again by Feulgen.** According to the procedure of 
Feulgen, a 50 per cent solution of chloroplatinic acid is reduced by 
means of a 40 per cent formaldehyde solution made strongly alkaline 
with sodium hydroxide. After thorough washing the reduced metal is 
dried in a vacuum desiccator over sulfuric acid. 

Some hydrogenations may be carried out successfully by reducing a 
platinum salt with hydrogen in the presence of the material to be hydro¬ 
genated. According to the procedure of Paal ** a variety of platinum 
compounds such as chloroplatinic acid, potassium chloroplatinate, 
platinous chloride, etc., may be added in powdered form, in aqueous 
solution, or suspended in fat or mineral oil, to an unsaturated fat or fatty 
acid. Hardening of the fat takes place when hydrogen is passed into the 
mixture under a pressure of 2-3 atmospheres at 80° C. The water is 
evaporated out first if an aqueous solution of the catalyst has been used. 
Paal recommends addition of sodium carbonate to neutralise the acid 
liberated when the platinum salts are reduced, but Skita has described 
a similar procedure in which no alkali is used and hydrochloric acid is 
sometimes added. Skita adds the platinum salts in aqueous solution 
and does not remove the water prior to the reduction. 

S. By Reduction of Oxides. The oxides of platinum, which are easily 
reduced by hydrogen at room temperature to the amorphous form of the 
metal, are good hydrogenation catalysts.” The most active catalyst is 
obtained from platinum dioxide which is prepared by fusion of chloro- 
platinic acid with an excess of sodium nitrate at 500 to 550° C. according 
to the procedures developed by Adams, Voorhees, and Shriner.**’ 

The malt is allowed to cool and is dissolved in water; the hydrated 
platinum dioxide is removed by filtration and thoroughly washed with 

“ Loew, Ber., », 289 (1890). 

“ WlUgt&tter and Halt, Ber., 46 . 1471 (1912). 

Willst&tter and Wtddaohmidt-LMtz, B«r., 64 , 113 (1921). 

“ Feulgen, Ber., 64, 360 (1921), 

“ Paal. U. 8. pat., 1,023,753. 

”Sdta, U. 8. pat, 1,063,746 (1913); French pat, 447,420 (1912); Brit pat, 28,754 
(1912); Brit pat, 18,996 (1912); J. Boo. Ckem. Ind., U, 253 (1913); Brit pat., 16,^ 
(1913). 

Adams and Sbriner, Orid., 46, 2171 (1923). 

^Voorhees and Adama, J. Am. Chem. Soc., 44 , 1397 (1922). 

» "Oqpuuc SjrntbaaM," Collective Vol. J, /dhn WHey A Sona, New York (1932), p. 452 
Baaalae Oook and Unatead, J- Chem. Soc., 952 (1934) ; Bruee, Org. StS*., 17, 08 (lOST). 
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1 per cent sodium nitrate solution. The oxide is readily reduced to 
platinum black when a suspension of it is shaken with hydrogen. The 
oxide may be reduced before addition of the compound being hydro¬ 
genated, or it may be added along with the compoimd and then shaken 
with hydrogen. 

3. Supported Platinum Catalysts. Platinum black is often precipi¬ 
tated on an inert carrier when it is used as a hydrogenation catalyst. 
Among the materials most frequently used as carriers are barium sulfate, 
activated charcoal, calcium carbonate, kieselguhr, and silica gel. The 
inert material is suspended in a weak solution of chloroplatinic acid and 
warmed for several hours at 40-50°. Sodium carbonate solution is then 
added to neutralize the acidity. The platinum is precipitated on the 
carrier in the form of the hydroxide. The catalyst can be filtered, washed 
with water, and dried in a vacuum desiccator. Enough chloroplatinic 
acid is usually used to give a product containing 2-5 per cent of plat- 
inum.*°' A platinum catalyst employing silica gel as a carrier has been 
prepared by Reyerson and his co-workers **■ by evacuating silica 
gel to remove the air, then saturating with hydrogen at a temperature of 
15-30°, and treating with a platinous solution obtained by reducing 
chloroplatinic acid with sulfur dioxide. The platinum is reduced to the 
free metal by the hydrogen in the gel. 

Asbestos has also been employed as a carrier for platinum black. 
The asbestos is usually soaked in a solution of chloroplatinic acid, and 
the metallic platinum is deposited by reduction with formaldehyde and 
alkali,** or by reduction with hydrogen at 150° C. after the asbestos has 
been dried.** 

Zeolites have been used as carriers for platinum. The artificial 
zeolite, sodium permutite, can be heated until most of the water is driven 
out and then soaked in a solution of chloroplatinic acid. Drying and 
heating, followed by removal of soluble salts by washing, gives a plat¬ 
inum zeolite.** 

Palladium Black. 1. By Reduction of Soltible Sails. Palladium black 
is often prepared by the reduction of solutions of palladium salts with 
sodium formate or with formaldehyde.*’ The sodium formate reduction 


Houben-Weyl, "Die Methodon der organischen Chemie,” Vol. 2, p. 499. 

« Kaffer. But., 67, 1261 (1924). 

” lAtshaw and Reyerson, J. Am. Chem. Soc., 47. 610 (1926). 

*• Morris and Reyerson, J. Phys. Ch/sm., SI, 1220 (1927); J. IntL Pttmlaum TVcA. 221A 
(1927): /. Phys. Chem., 81, 1332 (1927). 

u Zelinsky and Turova-Pollak, Rer., 68, 1298 (1925). 

*• Barratt and Titley, J. Chem. Soc., 116, 902 (1919). 

••MittascbL, Sohnoider, and Morawiti, U. S. pat., 1,215,396 (1917); Blit, palt., 1(368 




Stoubm-Wayl, "Die Methodan dor organiaohon Chorale,” Vol. 2. p. 498. 
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is tarried out by slow addition of formic acid to a soluticm of palladium 
obloritk made somewhat basic with sodium hydroxide. Reduction by 
formaldeiiyde is carried out by addition of 33 per cent form^dehyde 
nsolution and a 50 per cent potassium hydroxide solution to a dilute solu¬ 
tion of palladous chloride containing hydrochloric acid. In either pro¬ 
cedure the palladium black is filtered from the solution, washed with 
water on the filter, and dried over sulfuric add in vacuo. 

With palladium, as with platinum, some hydrogenations may be 
carried out by mixing palladous salts with the material to be hydro¬ 
genated. Procedures have been worked out by Paal and Skita 
which are the same as those described above in which platinum salts 
were used. 

B. By Reduction of Oxides. An active palladium black catalyst is 
obtiuned when palladous oxide, prepared by the method of Shriner and 
Adams,““ ** is reduced by hydrogen in the presence of the substance to 
be hydrogenated. Palladous chloride is fused with sodium nitrate, and 
the temperature is raised to 575-600® to produce palladous oxide. The 
melt is cooled and treated with distilled water. The oxide is removed by 
filtration and washed witii a 1 per cent solution of sodium nitrate. 

S. Supported PaUadium Catalysts. Barium sulfate often serves as a 
carrier for palladium when it is used as a hydrogenation catalyst. The 
usual method for the preparation of tins catalyst is that of Schmidt.**' *• 
Barium sulfate which has been precipitated from a hot solution is sus¬ 
pended in water and treated with a dilute solution of palladous chloride. 
The palladium is reduced to the free metal by addition of a solution of 
formaldehyde (40-50 per cent) made alkaline to litmus with sodium 
hydroxide,' the mixture is boiled until the solution becomes colorless. 
The catalyst, a gray residue, is then filtered off, washed thoroughly with 
hot water, and dried in a desiccator over potassium hydroxide. 

Various types of activated charcoal have served as carriers for 
palladium, ^veral methods of preparation have been developed,*®' ** 
but those used by Hartuug •* and by Ott and Schrdter ** are perhaps the 
rimplest and beet. Activated charcoal is shaken with a solution of 
palladous chloride in an atmosphere of hydrogen until saturated. The 
charcofd containing the palladium is filtered, washed, dried, and kept in a 
vacuum desiccator. 

** fflutoer kad AdMW, J. Am. Chm. 3oe., M, 1683 (1924). 

“ Schmidt, Ber., W, 409 (1919); Ger. p»t., 252,136. 

** Sabklitschlca kod Moaek. Ber., 60, 800 (1927). 

•* Mk|Fer knd Stkmm, Ber. #6, 1424 (1923). 

** Mk^ioh knd Thido, Ber. deut. pharm. Qee., 96, '36 (1916). 

» Hwtung, /. Am. Cbem. Soe., 90, 3870 (1928) ; J. Soe, Chem. Ind. 648 (1916). 

**Oti«-aiid SchrOter, Ber., 66. 633 (1927). 
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Calcium carbonate has also been used as a support for a palladium 
catalyst. According to the method of Busch and Stove,®* calcium car¬ 
bonate prepared by the treatment of a hot solution of calcium chloride 
with sodium carbonate is suspended in water and a solution of palladous 
chloride is added. The mixture is gently warmed until the palladium is 
deposited on the carbonate as palladous hydroxide, and the catal 3 rst is 
washed a few times with distilled water by decantation. It is then 
§ltered, washed on the filter until free of chlorides, using as little water as 
possible, and dried. Reduction of the palladous hydroxide takes place 
during hydrogenation. 

Palladium catalysts supported on silica gel have been described.®® 
Latshaw and Reyerson “ have prepared such a catalyst in the same 
manner as they prepared their platinum-silica gel catalyst described 
above. Silica gel which has been exhausted in a vacuum and then sat¬ 
urated with hydrogen is treated with a solution of ammonium chloro- 
palladite. The palladium is reduced by the hydrogen and deposited on 
the gel. The catalyst Ls then washed and dried. 

Kieselguhr is another support which has been used for palladium. 
Sabalitschka and Moses ®® prepared such a catalyst by shaking kiesel¬ 
guhr with a very dilute solution of palladous chloride until all the salt 
was adsorbed, then reducing by shying the suspension with hydrogen. 
The catalyst was then filtered from the solution, washed thoroughly 
with water, and dried. 

Palladium zeolites have been prepared and reduced to give a sup¬ 
ported palladium catalyst.®® Sodium permutite is digested with a dilute 
solution of palladous chloride containing a little hydrochloric acid until 
the palladous ion is removed from solution. (The solution becomes 
colorless.) The material is washed thoroughly and then reduced with 
hydrogen at 150-200° or wth formaldehyde at a lower temperature. 

Schwarcman ’® has suggested metallic sesquioxides such as aluminum 
oxide as carriers. Tliis catalyst was prepared by precipitation of a 10 
per cent solution of aluminum sulfite by its equivalent of 20 per cent 
sodium hydroxide at 77° C. After the precipitate is washed it is boiled 
with a 0.3 per cent solution of palladous chloride. The catalyst is filtered, 
washed, and dried at 77° C. A platinum catalyst may be prepared in 
similar fashion, but is less active. 

Nickel. Until recent years the type of nickel catalj^t most commonly 
used in the laboratory was prepared by reducing with hydrogen a nickel 
compound which had been deposited on a suitable inert, porous support. 
The support was impregnated with a nickel salt, and then nidcel hydrox- 

H Buaoh and Stave, Ber., 49,1063 (1910). 

**Soitifaitauan, tJ. 8. pat., 1,111,502 (1914). 
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ide or carbonate waa precipitated by the addition of sodium or ammon¬ 
ium hydroxide or carbcsiate. The support was then washed free of 
soluble salts and dried, and the resulting nickel oxide was reduced with 
hydrogen at 300° to 450°. In order to facilitate the washing process the 
use of nickel nitrate and ammonium carbonate has been reconunended, 
but if the cost of the salts is an important factor the sulfate or chloride 
and sodium hydroxide is satisfactory. The activity of the catalyst is 
determined by many details sueb as the type of support, the exact pro¬ 
cedure followed, the purity of the reagents, the temperature and rate 
of reduction of the nickel oxide, and the presence of other oxides. A 
satisfactory procedure for the preparation of nickel on kieselguhr has 
been described.*’ 

Raney Nickel., The most common nickel catalyst today is that pre¬ 
pared according to a process invented by Murray Raney.** It is com¬ 
mercially available as an alloy containing approximately equal weights 
of nickel and aluminum and corresponding to the formula NiAla. The 
al uminum is dissolved out of the alloy with sodium hydroxide, and the 
residual nickel, after thorough washing, is stored under water, alcohol, 
ether, dioxane, methylcyclohexane, or other liquid. A suitable procedure 
for the preparation of the catalyst from the alloy is described by Mo- 
aingo.** The Raney nickel catalyst is active for some compounds at lower 
temperatures than the supported nickel catalyst, and it is much more 
accessible and convenient. It is not so readily suspended in a reaction 
mixture, and the amount nickel required for a given hydrogenation is 
many times greater than for a nickel on kieselguhr catalyst. 

Ck)balt has often been suggested as equal to or superior to nickel as a 
catalyst for certain types of hydrogenation, but there appears to be no 
unequivocal evidence on this point. 

The addition of other metals such as copper, zinc, chromium, molyb¬ 
denum, iron, cerium, occasionally ^^ms to improve the catalytic action 
of nickel. G. B. L. Smith and associates in recent years have pub¬ 
lished a series of papers in which are described the beneficial effects of 
adding platinum to Raney nickel. 

Cof^er Chromite. A large number of oxides, such as zinc oxide, 
nickel oxide, copper oxide, chromium oxide, and mdlybdenum oxide, 
for instance, are catalysts for hydrogenation, but in general they suffer 
from two disadvantages. They either require a high temperature (800° 
to 500°), or else they are readily deactivated by reduction. CoppOT oxide 

Connor and Adkina, /. Aw. Chttn. See,, § 4 , 1061 (1982), alio p. 19, 
of Hydrogen." 

» Raney, tj. S. pat., 1,028.190 (May, 1927). 

** M^a^a, Org. BvrUhmtt, tl (1941), John Wiley A Soae. New Y«rk. 

Wjgei^MBfaerc, lieber, and Sraiih, G. B. i. A», Ctum, See,, «1, 884 (1989). 
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in particular suffers under the second handicap, but if it is combined 
with chromium oxide it is stabilized against reduction without losing 
its catalytic activity. Presumably, the catalyst is present as copper 
chromite CuCr 204 (Groger)*^ The presence of small amounts of barium 
or calcium chromite in the catalyst mass tends to stabilize the divalent 
copper against reduction. The catalyst may be made in many different 
ways, but the most satisfactory method is by the thermal decomposition 
of copper ammonium chromate,^ prepared by Tuiving water solutions 
of a copper salt, a chromate, and ammonium hydroxide. It is not neces¬ 
sary to wash the precipitate, but only to dry it and heat it to a suitable 
temperature (150-250°), when it decomposes rather violently. The 
catalyst is then washed with dilute acetic acid and water and dried. The 
finely divided black catalyst may be kept indefinitely. 

Copper chromite is active in the temperature range of 100° to 300° 
but usually requires hydrogen pressures of 100 to 300 atm. At tempera^ 
tures above 300°, or in the presence of water, acids, or ammonia, it is 
likely to be reduced to a red cuprous compoimd which has little catalytic 
activity for hydrogenation. 

Other Oxides. Zinc oxide is active as a catalyst for hydrogenation 
from 300° to 400°. Zinc chromite has been particularly useful for the 
hydrogenation of carbon monoxide to methanol. Zinc chromite is also 
active for the hydrogenation of esters to alcohols at 300° to 360°. It is 
noteworthy that by its use an unsaturated ester such as ethyl oleate can 
be hydrogenated to the corresponding unsaturated oleyl alcohol.** How¬ 
ever, the product always contains considerable quantities of the saturated 
octadecyl alcohol. Molybdenum sulfide has been recommended for the 
hydrogenation of sulfur-containing compounds at 350° to 400°. 

Patent claims for these and many other substances have been made. 
Unquestionably, many compounds not mentioned above have merit as 
catalysts for hydrogenation, dehydrogenation and disproportionation, 
especially for temperatures above 300°; but platinum, palladium, nickel, 
and copper chromite are certainly the most useful catalysts in the 
organic laboratory at the present time. A table showing over fflxty 
hydrogenation catalysts with conunents on their preparations, activities, 
and uses is pven by Williams and Beeck.** 

« Gr6«er, Z. anorg. Chem., 58, 412 (1808); 78, 30 (1912). 

“ Connor, Folkors, and Adkina, J. Am. Chem. Soc., 54, 1138 (1932), also p. IS, “Ruo- 
tioM of Hyrtrogen.” Laiier and Anudd, Org. Syo., 19, 31 (1939). 

Sauer and Adkins, J. Am. Chem. See., 69, 1 (1937). 

** Williams and Beeck, “TwelfOj Report of the ConMnittee on Cataljnns," p. 114 
John Wiley A Sons (1940). 
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THE ROLE or THE CATALYST IN HYDROGENATION 

The following discussion outlines a working concept of the role played 
by the catal 3 rst in hydrogenation." The hypothesis suggested ration¬ 
alizes a multitude of observations, many of which are otherwise anom¬ 
alous. No attempt will be made to enter into the fine details of the 
mechanism of catalysis. It will be assumed that we are concerned with 
the ordinaiy chemical reactions of hydrogen, catalyst, and hydrogen 
acceptor with one another. 

A catalyst may be defined as a substance that accelerates or causes a 
reaction to take place. Catalysis is concerned with the influence of one 
molecule upon the behavior of another molecule. This definition 
assumes that two molecules, such as those of hydrogen and ethylene, do 
not react with each other except under the influence of a third substance, 
such as nickel. The catalysts for hydrogenation apparently function 
by combining with the hydrogen and with the compound to be hydro¬ 
genated (hydrogen acceptor). The result of this combination with the 
catalyst is that the hydrogen and hydrogen acceptor react with each 
other. Simply expressed, molecules of hydrogen and molecules of 
ethylene are inert toward each other, but hydrogen attached to nickel 
may react with ethylene attached to nickel to give ethane. The ethane 
then leaves the nickel, permitting the metal to react with more ethylene 
and hydrogen and so repeat the process of hydrogenation. 

What are the characteristics of a “good” or effective catalyst upon 
the basis of this simple concept of the role of the catalyst? First, a good 
catalyst must be stable under reaction conditions, and many of the 
things that are done in preparing and using a catalyst are connected with 
stabilmng it against change. Probably many so-called promoters merely 
tend toward stabilizing the catalyst rather than enhancing its activity. 
Certain catalysts, especially those used in catalytic oxidation, such as 
copper, sUver, vanadium oxide, and molybdenum-iron oxide, are con¬ 
stantly renewing their surfaces by alternate oxidation and reduc¬ 
tion. 

A diange in experim^tal conditions may render a catalyst useless 
because it can no loasg'ei’ maintain the active form. For example, copper 
chromite, an excellent catalyst for hydrogenation in the liquid phase, in 
many cas^ is not so satisfaetmy in the gas phase. This is because the 
divatettt copper in the active catalyst is more readily reduced by hydro¬ 
gen ffUhe copper chromite is not wet. An excess of water facilitates the 
deikT^tion of alcohols over alumina, whereas an excess ammonia is 
W A#iMi, Ind. oiul Sm- CKem., SS, tl89 (1040). 
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advantageous in dehydrogenating amines. These various reagents prob¬ 
ably improve the processes because they maintain the catalyst in the 
proper state of oxidation or because they prevent the accmnulation of 
by-products on the active surface. 

A good catalyst for hydrogenation must combine several distinct 
characteristics or abilities in addition to maintaining its active state 
under reaction conditions. 

1. It must adsorb and activate hydrogen. 

2. It must adsorb and activate the hydrogen acceptor. 

3. It must hold them in the proper ratio and space relationship. 

4. It must desorb the reduced compoimd. 

The present discussion is primarily concerned with several types of 
observations, which may be rationalized in terms of the sequence of 
reactions on the catalyst outlined above. First, consider an example of 
the results of a variation in the proportion of the hydrogen and hydrogen 
acceptor on the surface of the catalyst, as described by Craxford,^* for the 
Fischer-Tropsch synthesis of hydrocarbons. In this process carbon 
monoxide and hydrogen at atmospheric pressure are passed over a 
cobalt, iron, or nickel catalyst held at about 200®. During the first 
few hours after the catalyst is put into service there is a large amount of 
hydrogen on the catalyst, and methane is the chief product. After a 
time the amount of hydrogen on the catalyst is much less than in the 
early stages, and hydrocarbons containing many carbon atoms in each 
molecule are produced. That is, in the early stages with an abundance 
of hydrogen on the catalyst, there is no opportunity for carbon atoms to 
combine with one another to form long chains, for each carbon (as cobalt 
carbide) is adjacent to adsorbed hydrogen so that methane is the main 
product. After the first few hours of use there is less hydrogen on the 
catalyst and therefore more chance for synthesis by interaction of 
adjacent carbon atoms. In the above instance the change in the propor¬ 
tion of products is due to the change in the surface of the catalyst so that 
after a timf. hydrogen is held in lesser amounts than by the newly pre¬ 
pared catalyst. 

The proportion of the producte from the hydit^nation of a ^ven 
compound may also be rather profoundly modified by a variation in the 
pressure of hydrogen. For example, at 120 atmospheres, o-oximinoaoeto- 
acetic ester gives mainly a pyrazine, formula I, when hydrc^emated over 
at 80°; at 320 atmospheres the hydrogenation gives ocamino- 
jS-hydroxybutyric ester, formula 11: 

«• Cructold, Trans. Faraday Soc., 85, 946 (1939). 

** Adkins and Reeve, J. Am. Chem. Soe., €0, 1328 (1938). 
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CHr-C C—CO,C,H, 

I II CH,CHOHCHNHjCOaC,Hj 

CjHsOiC—C C—CHj 

V/ 

I n 

The formation of the pyrazine depends upon the reaction of two mole¬ 
cules of the oximino ester. At the higher pressure there would be more 
hydrogen on the catalyst and therefore less probability that two mole¬ 
cules of the oximino ester would be near enough to each other on the 
surface of the catalyst so that interaction would be possible. 

A slow hydrogenation of an ester, due to a low pressure of hydrogen 
or other cause, is likely to ^ve considerable amounts of a high-molecular- 
weight ester. For instance, octadecyl stearate will be produced by the 
hydrogenation of ethyl stearate. This result may be rationalized if it is 
assumed that stearaldehyde is an intermediate step in the hydrogenation. 
If the aldehyde is not quickly hydrogenated, two molecules may inter¬ 
act according to the Tishchenko reaction to give octadecyl stearate: 

Ci 7H„CO»C,H6 + H* -» CijHssCHO + CjH»OH 
2CnHj6CHO — ^ CiTHjsCOiCHjCirHss 

It may thus be said that a low concentration of hydrogen on the sur¬ 
face of the catalyst favors synthetic reactions which involve two or more 
molecules of hydrogen acceptor. Such a low concentration of hydrogen 
is advantageous in the Fischer-Tropsch process, which is therefore car¬ 
ried out at a low pressure of hydrogen. A high pressure of hydrogen is 
advantageous in hydrogenations where condensation with the produc¬ 
tion of high-molecular-weight compounds is not desired. 

The importance of having the right proportion of the two reactants 
upon the surface of the catalyst is also shown in the hydrogenation of 
acetylene on platinum. Farkas and Farkas observed that the rate of 
hydrogenation was decreased by an increase in the pressure of acetylene 
from 70 to 150 mm., while an increase in the pressure of hydrogen in¬ 
creased the rate of hydrc^nation. It is obvious that there was a defi- 
dency in the amount of hydrogen on the platinum catalyst, and that too 
much acetylene was adsothed. 

The hypotheds outlined above offers an explanation of observations 
on the relation of the pressure erf hydn^n to the rate of hydrogenatioa 
For (pxample, platinum and palladium are active at preasures near atmoa- 
pberio^ copp» chromite requires i^essures of 50 to 300 atino^taos, and 

«JPlidcM and FuIcm. U, 3896 (1939). 
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nickel is somewhat intermediate in its pressure requirements. These 
observations are understandable if it is assumed that platinum and 
palladium take up enough hydrogen at atmospheric pressure in propor¬ 
tion to the amount of hydrogen acceptor adsorbed, whereas copper 
chromite does not have sufficient hydrogen on its surface except at rela¬ 
tively high pressures. 

With a given catalyst the effectiveness of increased pressure of 
hydrogen varies with the particular hydrogen acceptor involved. For 
example, higher pressures of hydrogen are much more important with 
esters such as ethyl trimethylacetate or diethyl camphorate than with 
straight-chain esters which have no branching on the carbon atom alpha 
to the carbethoxy group. This observation is understandable in terms 
of the picture of the reaction process sketched above. In order for reac¬ 
tion to take place, hydrogen must be adsorbed on “active centers” of 
the catalyst sufficiently close to the carbethoxy group for reaction. The 
branched-chain esters will tend to cover a larger area of the catalyst than 
the straight-chain esters. Therefore a higher pressure of hydrogen is 
required to overcome the shielding effect of the branched chains on 
active centers of the catalyst adjacent to the carbethoxy group. 

The commonly accepted picture of the surface of the catalyst is one 
in which active centers for adsorption are distributed over the surface. 
The active centers presumably consist of atoms whose valence forces are 
not entirely satisfied by other atoms in the surface of the catal3^t. These 
active centers t'ary in activity. For example, a given center may be 
sufficiently active to combine with ethylene but not with hydrogen, 
whereas another center may be so strong that it will bold hydrogen as 
well as ethylene. The activity of these centers may change with the use 
of the catalyst, as has been illustrated in the case of the catalyst for the 
Fischer-Tropsch process. The number of centers of a given degree of 
activity available per unit area of the catalyst is often small. Almquist 
and Black concluded that in the hydrogenation of nitrogen to am¬ 
monia only one in two thousand atoms of iron in the catalyst mass was 
active. The number and activity of the active centers in a catalyst are 
determined in part by the particular procedure followed in the preparar 
tion of the catalyst. 

There are no experimental methods which show conclusively that the 
spadng of the active centers on the catalyst determines the rate or direc¬ 
tion of the reactions brought about by the catalyst. By inference, many 
facts suggest that the space relations on the catalyst surface are of 
primary importance. The variation in relative reactivity among organic 
compounds with variation in the size and shape of molecules shows con- 

** Almquist snd Blftok, ibuLt 48, 2814 (1936). 
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clusively that steric factors may determine the speed of reaction and the 
pnqjortion of products, as illustrated by differences between the behavior 
geometrical isomers in catalytic hydrogenation. If variation in the 
configuraticm of the hydrogen susceptor plays a role in the catalytic reac¬ 
tion, it is but reasonable to conclude that a similar type of variation in 
the catalyst will also be a factor in the process. The soimdness of this 
conclusion is borne out by the fact that d-quartz will preferentially de¬ 
hydrate one of the enantiomorphs of 2-butanol. 

One of the most striking facts about catalytic hydrogenation is the 
selectivity that is shown by the catalyst and the hydrogen acceptor. 
Nickel is more active toward carbon-to-carbon double bonds than it 
is toward the carbonyl grouping, whereas copper chromite is more 
active toward carbon-to-oxygen than toward carbon-to-carbon double 
bonds. However, both catalysts will cause the hydrogenation of both 
types of unsaturation so that the difference between the catalysts is 
quantitative rather than qualitative. For example, the ring in ethyl /3- 
phenylpropionate is hydrogenated over nickel at 200“ to give ethyl /3- 
cyclohexylpropionate. Over copper chromite at 250“ the carbethoxy 
group of ethyl ^phenylpropionate is hydrogenated and y-phenylpropyl 
alcohol is produced. At temperatures above 330“ both types of hydro- 
genati<m occur over either catalyst, but a third type of reaction ensues 
80 that the product of the hydrogenation is largely the hydrocarbon 
propylQrdohexane: 

C.HjCHsCH,CO*C 2H6 CeHiiCHjCHsCOiCjHj 

C.HsCH,CH,COiC2Hi > C«H6CHsCHjCH20H 

Ni or CuCriOa 

CtHiCHjCHjCOsCjHs -—--> C.BaCHaCHsiCH, 

This relative inactivity of oxide catalysts toward alkene linkages is so 
marked in zinc chromite that the esters of the unsaturated acids such as 
oleic acid may be hydrogenated to unsaturated alcohols at a temperature 
of 260“. This is above that at which nickel would induce rapid hydro¬ 
genation of the alkene linkage in the oleate. 

This selectivity in action, upon the basis of the hypothesis outhned 
above, is probably dependent upon preferential combination with the 
catalyst. That is, nickel tends to attach the hydrogen acceptor to itself 
at alkene or benzenoid linkages, whereas copper chromite shows a greater 
affinity for carbonyl grou];M as compared to carbon-to-carbon double 
beauts. The hi^er the t^perature, the less selective the catalyst and 

*8i4twab Uul Rudolpti, Jfaturviiuent^tcften, SO, 8S3 (ISaS}- 
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the greater the probability that the hydrogenation will go to the ultimate 
stage of the saturated hydrocarbons. 

In conadering the role of the catalyst, one should not ignore the 
variations which are possible in the structure of a given reactant. A 
catalyst such as copper chromite which is rather inactive toward the 
benzenoid nucleus may bring about such a hydrogenation through a 
tautomeric form of the hydrogen acceptor. The ethyl ether of /3-naph- 
thol does not react with hydrogen over copper chromite at 200°. How¬ 
ever, /S-naphthol is readily converted to l,2,3,4-tetrahydro-2-naphthol at 
200° over copper chromite.®^ Presumably this is because /S-naphthol 
may tautomerize to an unsaturated ketone, a tyi)e of compound which 
is rapidly hydrogenated over this catalyst: 



There is little difference in rate of hydrogenation over nickel between 
the naphthol and its ethers, since nickel is as effective toward the ben¬ 
zenoid nucleus of the naphthol or its ether as it is toward the unsaturated 
ketone of the tautomer. However, over nickel the benzoate of j8-naph- 
thol behaves very differently from /3-naphthol. Wilds “ has shown that 
the hydrogenation of the benzoate over nickel gives mau\ly 




>1 

>' 

while Musser “ obtained 


from ^naphthol. 






OCOCtHf 


.OH 


In general, catalysts serve only to decrease the time required for the 
system to reach equilibrium, but instances are known where the concen¬ 
trations of reactai^ts attained from a catalyst are not the same as those 
that would be anticipated if the role of the catalyst were ignored. For 
example, Reid “ reported that he had obtained etliyl acetate in yields 
above 80 per cent by passing equimolecular amounts of acetic add and 

** Muieer and Adkina, J. Am. Chem. Soe., 60, 664 (1938). 

•* Alfred Wilda, unpuHiahed work at University of Wiaooiunn. 

“ Tidwell and Reid, J. Am. Cktm. Soc., 68, 4368 (1031). 



796 


ORGANIC CHEMISTRY 


alodbol over silica gel. These results were critidsed because it was 
pointed out that the maximum concentration of ethyl acetate could be 
tu) more than 67 per cent in a system starting with a mole each of alcohol 
and add. Reid’s results have been fuUy confirmed, and the reason for 
the apparent exception to the prediction based on results in a homo¬ 
geneous system is easily seen if the process of esterification over a solid 
catalyst is similar to that outlined above for hydrogenation. Alcohol 
and acetic add passing over silica gel would each be adsorbed, reaction 
would occur between molecules of alcohol and acetic acid adsorbed on 
adjacent active points on the catalyst, and then the ethyl acetate and 
water so produced would be desorbed. If alcohol and acetic acid were 
irreversibly adsorbed and water and ethyl acetate were rapidly desorbed, 
then the yield of ester would be 100 per cent. No such catalyst is known 
or likely to be found, but it will be obvious that the yield of ester is 
determined not by the thermodynamics of the alcohol-acid-water-ester 
system, but simply by the relative adsorption by the catalyst of the 
reactants as contrasted to the products. Ai> effective catalyst for the 
hydrolysis of an ester would be one which irreversibly ad.sorbed ester 
and water and rapidly desorbed alcohol and acid. Over various cata¬ 
lysts one might obtain yields of ester varying from 0 to 100 per cent, 
depending upon the characteristics of the catalyst involved. 

The last step to be performed by a good catalyst is to give up the 
product at the right time or stage. Sometimes it is possible to modify 
a catalyst so that it will desorb a product at an intermediate stage of the 
reaction. For example, methanol is oxidized by air to give ultimately 
carbon dioxide and water: 

CH,OH HCHO HCOsH CO» + HjO 

Over iron oxide at 370° the reaction runs to completion, but if molyb¬ 
denum oxide is incorporated with the iron oxide, the first product of 
oxidation, formaldehyde, is desorbed. The iron-molybdenum oxide 
catalyst thus makes possible a process by which methanol is oxidized 
almost quantitatively to formaldehyde.** 

The failure of a hydr(^enation catalyst to desorb a product sufiB- 
dentfy rapidly xa&y result in poisoning—i.e., covering of the catalyst 
by the product—or interaction between molecules of the desired product 
still adsorbed on the catalyst. There is also danger that, if the desired 
product is not quickly desorbed, it may react further with hydrogen as 
illustrated above in ^ bydrc^senation of an ester to a hydrocarbon at 
330°. 

MMeharg and Adldna, V. 6. put., 1,013.404-6 (luiw, 1938); Adidm tod Petsmon 

Am. Chnn. Sec., SS. 1512 (IKU). 
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There is a balance or competition between the adsorption of each of 
the compounds present, e.g., hydrogen, hydrogen acceptor, solvent, and 
products. Often a high pressure of hydrogen will minimize the poisoning 
effect of the products as well as their tendency to interact while on the 
surface of the catalyst, since it will increase the proportion of the sur¬ 
face covered by hydrogen, which thus replaces other adsorbates. In a 
sunllar way high pressures of hydrogen minimize or eliminate the effect 
of small amounts of “poisons” present in the reaction mixture. It is 
probably for this reason that less care need be taken in the purification 
of compounds for hydrogenation at pressures of 100 to 300 atmospheres 
than with platinum or palladium at 1 to 3 atmospheres. 

The solvent or reaction medium as well as the hydrogen, hydrogen 
acceptor, and product are no doubt adsorbed by the catalyst and so may 
play a role in determining the extent or course of the reactions. Solvents 
may be beneficial only because they facilitate the dispersion of the 
catalyst and the contact of the three essential materials, hydrogen, 
catalyst, and organic compound. However, in some cases, a more 
specific role is played by the solvent. For example, in the presence of 
ethanol only two of the three phenyl groups in triphenyhnethane are 
hydrogenated, whereas in the presence of methylcyclohexane the hydro¬ 
genation goes to completion.*® In the hydrogenation of amides and 
lignin, dioxane appears to be particularly beneficial in facilitating reac¬ 
tion. 


REDUCTION OF VARIOUS FUNCTIONAL GROUPS 
Alkenes 

The catalytic addition of hydrogen is the most general reaction of 
the carbon to carbon double bond. Many compounds containing the 
linkage >C=C<^ will not show addition reactions with any other re¬ 
agent but will add hydrogen under the influence of nickel. It seems safe 
to say that over 99 per cent of all the known compounds containing the 
alkene linkage will add hydrogen at temperatures from 0" to 275". The 
olefinic linkage is one of the groups most easily reduced. Any of the 
common catdysts may be used. The rate of hydrogenation and the 
severity of conditions required vary with substitution at the alkene 
carbons. The simple alkenes such as ethylene and the amylenes react 
with hydrogen at room temperature and at pressures of hydrogen near 
one atmosphere in the presence of a catalyst. Even a trisubstituted 
ethylene (CcH 8 ) 20 =CHC 6 H 8 may be re^y hydrogenated over 

** Adkinit Zartxnftxxi Cramer, ibwi., 8Si 1425 (1931). 
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Ran^ tdckel at 25" * under a pressure of one hundred atmospheres 
of hydn^ien.** However, a completely substituted ethylene such as in 



where the double bond is common to two rings may be very resistant to 
hydrogenation. A temperature of 250° was required for the complete 
hydrogenation of the dodecahydrophenanthrene whose formula is 
given above. A high-molecular-weight unsaturated compound, such as 
rubber, required a temperature as high as 275° to insure complete sat¬ 
uration. Unsaturated compoimds having a conjugated system are 
likely to require more drastic conditions for hydrogenation than com¬ 
pounds of similar complexity but with isolated double bonds. The vari¬ 
ation between cyclohexene (25°), furan (75°), benzene (125°), pyridine 
(175°), and pyrrole (225°) with respect to ease of hydrogenation over 
nickel is indicated by the figures given in parentheses. These are mere 
fq>proximations, the exact figures depending upon the activity of the 
catalyst and the purity of the hydrogen acceptors. However, conjuga¬ 
tion does not necessarily retard hydrogenation, for compounds of the 
type RCH=C(C02C2H5)2 are rapidly hydrogenated over Raney nickel 
at room temperature.** 

Temperature; pressure of hydrogen; purity of compound; and 
amount, activity, and dispersion of catalyst are interdependent variables 
so that it is impossible to assign any definite conditions of temperature 
and pressure of hydrogen xmder which a given type of structure will be 
hydrogenated. Though nickel may often be used at pressures of a few 
atmospheres, in general pressures of the order of 100 to 200 atmospheres 
are more satisfactory. Under th^ conditions most isolated alkene 
linkages and furans will be hydrogenated below 150°. 

Because of the mildness of the conditions necessary for the hydro- 

* Hydrogenatioii has been accomplished in many cases under even milder conditions. 
The discusaion in this section is not based upon the minimum conditions under which the 
reaction of hydrogen has been observed, but rather upon the conditions under which the 
reaction may be oarriad out on a preparational scale to give high yields of the saturated 
compound. 

••Zartman and Adldna, i&tef., M, 1688 (1932). 

fttiurlsnd and Adkins, (Md., M, 1601 (1936). 

" Woicik and Adkins, ibid., M, 2424 (1934). 
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genation it is often feasible to hydrogenate the )>C===C< preferentially. 
For example, it is possible to reduce styrene to ethylbenzene.“ At 175® 
and 100 atmospheres pressure complete reduction to ethyl cyclohexane 
may be effected in the presence of Raney nickel or nickel on kiesel- 
guhr.®* 

C«H6CH==CH2 -) CeHiCHjCH* --■ ° - > C*HiiCHjCH» 

25 ° 175 ° 

Unsaturated esters,*® acids, and amides and derivatives of furan, ben¬ 
zene, pyrrole, and pyridine can usually be hydrogenated preferentially 
at the Xl==C<! linkage. Unsaturated ketones such as mesityl oxide, 
(CH3)2C==UHC0CH3, or heptylidene acetoacetic ester, CH3COC 
(==C 7 Hi 4 )C 02 C 2 H 5 , can be hydrogenated over nickel to isobutyl 
methyl ketone and heptyl acetoacetic ester, respectively, but in other 
cases the ketone group is hydrogenated rmder the same conditions and 
at the same time as the alkene linkage.®* 

Copper chromite also catalyzes the reduction of alkenes at 150-175°. 
If some other group in the molecule is also to be reduced which requires 
copper chromite as the catalyst, it is possible to effect both reductions 
in one operation. For example, ethyl cinnamate may be converted to 
3-phenyl-l-propanol.*‘ 


C«H6CH==CHC02C2H6 —^ CeHsCHsCHjCHiOH + CjHsOH 
CuCrjOt 

One of the more important structural limitations upon the use of 
catalytic hydrogenation of olefinic linkages is the readiness with which 
the following type of reaction occurs: 


—C=C—C—OH 


H, ^ 


—0=C—CH + H*0 


If the double bond is resistant to hydrogenation as in a benzenoid, 
pyridinoid, or pyrroloid nucleus then it serves to labilize the carbon to 
oxygen linkage with the resultant hydrogenolysis indicated above. 

Practically every olefin which is known has been reduced to the corre¬ 
sponding saturated compound. Only a few typical examples are listed 
in Table I. 

*• Kern, Shriner, and Adams, »6td., 47 , 1147 (1925). 

“ Cope and Hancock, ibid., 60, 2644 (1938); 61, 776 (1939). 

** Folkers and Adkina, ibid., 54, 1146 (1932). 
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TABLE I* 

Htdsoobnation or Alkensb to Alkanbb 


ComiMund 

Catalyst 

Tem¬ 

per¬ 

ature, 

^C. 

Pres¬ 

sure, 

atm. 

Amt. 

of 

Com¬ 

pound, 

moles 

Time, 

min. 

Ref. 

Type t 

H 

Sol- 

vent 

(CH,),C:=CHCH,. 

PtO, 

O.I 

mama 

25 

3 

0.1 

6 

59 

Cja,CH=CH,. 

PtO, 

0.1 

Eton 

26 

3 

0.1 

9 

69 

(CsHs) *C=^CHi. 

PtO, 

0.1 

EtOH 

25 

3 

0.1 

10 

69 

OsBt4CH=CHCtHi (6*ans).. 

PtO, 

0.1 

EtOH 

26 

3 

0.1 

38 

69 

C,H4CH==CHCJI, (trans).. 

PdO 

0.1 

EtOH 

25 

3 

0,1 

69 

59 

C*H*CH==CHC«Hs (trans).. 

Ni (ifc) 

2.0 

C,H,4 

20 

3 

0.1 

80 

66 

C,H,CH=CHC,Hi (trans).. 

Ni(*) 

2.0 

C,Hu 

20 

30 

O.I 

35 

66 

C,H,CH=CHC,H, (trans).. 

Ni (k) 

2.0 

CjHn 

20 

90 

0.1 

16 

56 

(CsH,),0=C(C,H,), . 

PtO, 

0.2 

EtOH 

25 

3 

0.02 

360 

— 

(CJH,),C=C(Cja.)j. 

CuCrjO, 

1.0 

CjHu 

150 

100 

0.04 

16 

66 

CH^=CH(CH,),C 0 »H. ... 

PtO, 

0.1 

EtOH 

25 

3 

0.1 

1.6 

59 

OH 









ch<Jch,ch==ch,. 

PtO, 

0.1 

Eton 

25 

3 

0.1 

3.5 

69 

OH 









CH,0^ ^CH=CH—CH, 

PtO, 

0.1 

EtOH 

25 

3 

0.1 

10 

69 

C,H,CH=CHCOOH (trans) 

CuCrjO, 

2.0 

C,Hh 

176 

100 

0.24 

20 

62 


* Hie dftt* in this table and eubeequent table* in thie obapter are taken from epecifio experiment* 
by many different iuveetigators. Since there are so many variable factors no siamEcance should be 
attacbaa to small differences. The data are intended to serve as a guide to illustrate the general 
discu^on. 

t In this and all subsequent tables the nature of the catalyst is indioatod by the following abbrevi¬ 
ations: 

PtQs platinum oxide catalyst, p. 784. 

PtK^) » ooUoidsJ nlatinum catalyst, p. 783. 

PdO palladium oxide catalyst, p. 786. 

Pd(Ba80«) « palladium supports on barium sulfate, p. 786. 

Pdrc) palladium support^ on Norite, p. 786. 

NicR) •• nickel prepared from Baney niokcl-aiununum alloy, p. 788. 

Ni(k) > nickel supported on kieselguhr, p. 788. 

CuCrs 04 com>» chromite eatslyst, p. 788. 


The 08 fonns of ethylenic compounds are usually more rapidly 
hydrogenated than the trans isomers. For example, PaaJ " has shown 
that the da forms of the following compounds are more rapidly reduced 
than the trans fonxts. 

“ Adkini and Connor, ibid., U. 1091 (1931). 

•*Pm 1 and 8<diiedewite, Ssr., 90 , 1221 (1927); 62 , 706 (1920). 
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CM 

Maleic 
Oleic 
Cro tonic 
Stilbene 

cii-o-Ethoxycinnamic 

Erucic 


trans 

Pumaric 

Elaidic 

Isocrotonic 

Isoetilbene 

trattg-o-Ethoxycinnamic 

Brassidic 


The catalytic reduction of tetrasubstituted olefins, such as dimethyl- 
fumaric and dimethylmaleic acids, leads to the production of diastereo- 
isomeric products. A study of the hydrogenation of the sodium salts of 
the above acids has shown that by proper choice of experimental condi¬ 
tions either cis or tram addition of hydrogen may be made to occur.®* 

CHa—C—COOH 

II H COOH 

CHa—C—COOH \ 1 1 

CHy-C—COOH CHa—C—H 

1 + i 

CHa—C—COOH CHa—C—COOH 

CHa—C—COOH / . i 1 

II H H 

HOOC—C—CHa 

Similar results were obtained with 2,3-diphenyl-!^-butene. Catalytic 
hydrogenation in the presence of platinum black of diisobutenyl leads 
to Ai/m-diisopropylethylene. 

(CHa)3C==CH—CH=C(CH3)2 ^ (CH3)2CH—CH==CH—CH(CHa)2 
Isoprene upon treatment with one mole of hydrogen and platinum black 


produces a mixture.®® 

CHa 



1 

CHa—CH—CH==CH» 
CHa 

12 % 


CHi==C—CHa—CHa 

13% 

CH, 

CHa 


1 ' 

i 


CH,=0—CH=CH* 

CH,—C=CH—CHa 
CH, 

15% 

1 

I 

CHt—CH—CHsCHs 

CH, 

30% 

1 

1 

CH,=G-CH=CH, 

30% 


Sohi«ter, and Behr, B«r., 61, 2124 (1928). 

** Lebedav and Yakubchik, J. Chem. Soe., 823, 2190 (1028). 
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1,3-ButadieDe, piperylene, and diisopropenyl also 3 deld similar 
mixtures. 

Olefinic bonds which are conjugated with a keto or carboxyl group 
are reduced more slowly than isolated double bonds. 

ITie 7,5-double bond in sorbic acid is more readily reduced than the 
a,^-oonjugated bond. Although a mixture of hexenoic acids is obtained, 
the a,/3-predominates.** 

CH»CH==CH—CH=CHC 02 H ^ CH,CH*CHsCH=CHCOOH 

The hydrogenation of unsaturated glycerides proceeds in an interest¬ 
ing stepwise manner. Reduction of glyceryl trilinoleate with nickel on 
kieselguhr and hydrogen leads to nearly complete conversion to glyceryl 
trioleate (cis and irons forms) before the latter are further hydrogenated. 
The production of the completely saturated fat, glyceryl tristearate, does 
not occur until the final stages of the hydrogenation. Moreover, triolein 
disaptpears more rapidly than the tiistearate is produced. These results 
are interpreted as indicating that only one double bond of the triolein is 
reduced during one contact with the Catalyst.*’® The reduction sequence 
is probably: 

Trioleate —* Dioleomonostearates —» MonoOleodistearates 

. i 

Tristearate 

Alkynes 

Acetylenic compounds are readily reduced to the saturated alkane 
derivatives. This reaction is of little synthetic interest but is useful for 
structiu^ proof. By using small amounts of catalyst and hydrogen at 
about 1 atmosphere pressure, and by interrupting the hydrogenation 
when one mole of hydrogen is absorbed, it is possible to obtain 70 to 90 
per cent yields of the corresponding ethylenic derivative. 

R— OsC— R RCH=CHR RCHaCHaR 

Recent work by Campbell and O’Connor has shown that with 
palladium and Raney nickel the hydrogenation of a triple bond proceeds 
virtually to completion before the olefinic linkage begins to be reduced. 
Paul and Hilly and Thompson and Wyatt have obtained selective 
hydrogenation of certain alkynes to alkenes over an iron catalyst. 

^Farmer unS Gall^. ibid., 687 {1833); Ann, Bepti. Chem. 80c. ihondon), M, jMB 
(1838). 

^(a) Hflditob and Jonet, J. Chem. 80 c., 806 (1832). (6) CampbeU $nd O’QmttMrl 

/. Am- Chem. Soe., 61 . 3887 (1838). W P«d *nd HiUy, BvU. toe. chim., 16) 6 , 218 a88^. . 

fbmnpaoia and Wyatt, J. Am. Chem, Soc., 68, 2666 (1840). 



CATALYTIC HYDROGENATION AND HYDROGENOLYSI8 803 

Bourguel “ has shown that eleven acetylenic compounds uniformly 
produce the m-ethylenic derivative when treated with hydrogen in the 
presence of colloidal palladium stabilized by starch 

R—C==C—R —> R—C—H 

II 

R—C—H 

Aldehydes 

Both aliphatic and aromatic aldehydes are rapidly reduced to the 
corresponding alcohol. 

RCHO RCH 2 OH 

When platinum is used, it is necessary to add a trace of a ferrous salt in 
order to obtain complete reduction.*® Some typical reductions are shown 
in Table II. 


TABLE II 

Reduction of Aldehydes to Alcohols 


Aldehyde 

Catalyst 

Solvent 

Tem¬ 

pera¬ 

ture, 

“C. 

Pres¬ 

sure, 

atm. 

Moles 

of 

Com¬ 

pound 

Time, 

min. 

Ref. 

Type 

Amt. 

COItCHO. 

PtO, 

0.23 

Alc.(Fe++) 

25 

3 

0.2 


69 

C,H,CHO. 

PdO 

0 23 

Ale. 

25 

3 

0.2 

21 

28 

C«H.CHO. 

PdCBaSOi) 

2 5 

HOAc 

25 

1 

0.1 

57 

70 

C^I.CHO. 

CuCrjO, 

5.0 

C,H .4 

180 

150 

0.7 

1 

62 

CH,(CHj)jCHO.... 

PtOs 

0.23 

Alc.(Fe++) 

26 

3 

0.2 


69 

CH,(CHj)tCHO.. 

Ni(R) 

6.0 

C 7 H,. 

150 


2.5 


62 

CH^HOHCHjCHO 

Ni(fc) 

2.0 

C,H.4 

126 


1.0 

60 

71 

Glucose. 

Ni()fc) 

2.0 

H,0 

150 


0.1 


72 


Unsaturated aldehydes are completely reduced to the saturated 
alcohols unless special conditions are used to obtain selective reduction. 
In order to reduce an unsaturated aldehyde to an unsaturated alcohol 
with platinum, a trace of ferrous salt is added to promote reduction of 
the aldehyde group and also a trace of zinc acetate to inhibit liie reduc- 

*> Bourguel, Bull. soc. ehim., [4] 4S, 1067 (1929); c /. SaUdud and Teierin, J. Ru»a, 
JPJkW. CftMii. Soe.. 61, 1761 (1929). 

®® Carothere and Adams, J. Am. Chem. Soc., 46, 1071 (1923) j 46, 1680 (1924}, 
Rnyinmiind and Jordan, Ber., 68, 160 (1926). 

tt Wiaans aiul Adkins, J. Am. Chem. Soc., 86, 4167 (1933). 

** Covwt, Connor, and Adkins, Und., 64 , 1661 (1932). 
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tioa of the olefin linkage. In this way citral may be reduced to geraniol 
and cinnamaldehyde to cinnamyl alcohol.’* 


CH, 

I 

CHr-C==CH—CHj—CH, 


CH, 

1 

-C=CH—CHO 
CH, 


Pt(H,) 
-i 


CH, 


CH,C==CH—CH,—CHr-C=CH—CHsOH 


C,H,CH=CH—CHO 


Pt(Ht) 


Fe*^Zn 


C,H6CH=CH—CH,0H , 


The selective reduction of the olefinic linkage in an unsaturated 
aldehyde cannot be accomplished directly. Such unsaturated aldehydes 
can, however, be converted to the saturated aldehydes by first making 
the acetal, reducing the unsaturated acetal, and then hydrolyzing the 
saturated acetal. 

RCH=CHCHO RCH=CHCH(OCH,), 

HCl 

Hj Pt 

H*0 

RCH,CH,CHO + 2CH,OH <^ 5 ^ RCH,CH,CH(OCH ,)2 

This has proved to be the best method for converting furfural into 
tetrahydrofurfural. ” 

If the aldehyde group is attached to an aromatic nucleus, care must 
be taken that only one mole of hydrogen per mole of aldehyde is ab¬ 
sorbed. If this precaution is not taken the alcohol first produced may 
be reduced to a hydrocarbon. For example, with palladium and hydro¬ 
gen at 4 atmospheres, benzaldehyde and salicylaldehyde may be reduced 
to toluene and o-cresol respectively even at 25°. The reduction of the 

CeHsCHO C,H6CH,0H ^ CeHjCH, 

Pa Pd 

O CHO f^^CHsOH 

OH kis^OH ki^OH 

idcohol group to the methyl group is rather slow so that by stopping the 
reduction when one mole of hydrogen has been absorbed the alcohols 
may be isolated in good yields. 

r* ^dAms and Garvejr, 0u{; 48, 477 (1026}. 

^piley and Adams, ibid., 47,3061 (1035). 
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The catalytic reduction of furfural over platinum oxide leads first to 
the formation of furfuryl alcohol.’® Further reduction produces a mix¬ 
ture of tetrahydrofurfuryl alcohol, pentanediol-1,2, pentanediol-1,5, and 
n-amyl alcohol. Reduction of alkyl furyl carbinols ’* likewise produces 
a corresponding series of reduction products. 




CHjOH ^ 


■>-< 

CHsCHiCHiCHCH^H 

OH 


HOCHsCHsCHiCHjCHjOH 

|cSHs(CH») 40 H 


Furfural is rapidly and almost quantitatively hydrogenated to fur¬ 
furyl alcohol over copper chromite at 135-160° under 50 to 150 atmos¬ 
pheres of hydrogen. When nickel was used as a catalyst the furfuryl 
alcohol was contaminated with tetrahydrofurfuryl alcohol.” 


Ketones 

The carbonyl group of ketones is reduced more slowly at room tem¬ 
perature over platinum and palladium catalysts than in the case of alde¬ 
hydes. With nickel a temperature of 100° to 150° is usually necessary 
although Raney nickel induced the hydrogenation of acetone and aceto- 
acetic ester at room temperature. A temperature of 100° to 175° 
under 50 to 150 atmospheres of hydrogen is usually advisable if copper 
chromite is to be used. 

If the carbonyl group is attached to a benzene nucleus the same care 
must be taken as with the aldehyde to prevent the first-formed second¬ 
ary alcohol group being converted to a methylene group. If the carbonyl 
is attached to a pyrrole nucleus it has proved impossible to stop the 
hydrogenation of the carbonyl at the carbinol stage. 

The catalytic hydrogenation of ketones is a process in which ade 
reactions are seldom encountered and the yields of secondary alcohols 
obtained are well above 90 per cent for simple aliphatic ketones. Evai 
with the aryl ketones yields of the order of 70 to 80 per cent are usually 
obtained. Examples are given in Table III. 

** Kaufmann and Adams, ibid., 4S, 3029 (1923). 

M pierce and Adams, \bid,, 47, 1098 (1925). 

CJonnor, Folksrs, and Adkins, ibid., BS, 1091 (1931). 

* Covert and Adkins, ibid., 64 , 4116 (1932), 
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TABLE III 

Reduction of Keto Groups to Secondary Auxihols 



Catalyst j 



Pres- 

Moles 

of 

Com¬ 

pound 

Time, 

min. 


Ketone 

Type 

Amt., 

8 - 

Solvent 

m 

sure, 

atm. 

Ref. 


NKJb) 

Ni(R) 



126 

100 

m 

13 

72 

Acetophenone.. .. 


CjH,OH 

110 

100 


10 

79 

Benaophenone.... 

Ni(i) 


C,H,OH 

160 

100 

BH 

60 

79 

d-CamphoT. 

CuCr ,04 

6 

C,H,OH 

120 

150 


60 

80 

Benaoin. 

Nipt) 

2 

CjHiOH 

125 

100 


60 

62 

Fmctoee........ 

Ni(fc). .. 

2 

Hrf) 

150 

100 

0.1 

150 

72 

Ethyl aoeto- 
aoetate. 

Ni(fc) 

2 

CjHsOH 

125 

100 

0.4 

120 

81 

Ethyl lerulinate . 

Ni(fc) 

4 

C,H,OII 

i 

100 

100 

0.2 

80 

72 


/3-Keto esters should be hydrogenated in an alcohol solution as other¬ 
wise a condensation product is obtained. For example, acetoacetic 
esters when hydrogenated without a solvent gave more than a 30 per cent 
yield of CH 3 CH 0 HCH 2 C 00 CH(CH 3 )CH 2 C 02 C 2 H 5 , while in alcohol, 
the yidd of CH 3 CHOHCH 2 CO 2 C 2 H 6 was almost quantitative.®' 

Copper chromite and nickel for most ketones are equaUy satisfactory 
as catalysts. Nickel is usually active at a somewhat lower temperature, 
but copper chromite is more selective in its action as illustrated in the 
hydrogenation of furfural. 

^Diketones of the type RCOCH 2 COCH 3 may be selectively hydro¬ 
genated to keto alcohols of the type RCOCH 2 CHOHCH 3 by limitation 
of the amount of hydrogen allowed to react. A more complete hydro¬ 
genation gives glycols. Certain substituted jS-diketones such as 
C 8 H 6 COCH(CH 2 CoHfi)COCH 3 are cleaved by hydrogen so that about 
one-half of the diketone is converted by hydrogenolysis to benzaldehyde, 
l-phenylbutanone-3, and l,3-diphenylpropanone-l.“ 

The olefinic linkage is reduced more rapidly than the keto grouping; 
hence imsaturated ketones, such as mesityl oxide, benzalacetone, and 
benzalacetophenone are reduced first to the saturated ketones and then 
to the alcohols. 

RCH=CHCOR' -54 ECH.CH*COR' RCH,CH*CHOHR' 

Pi Pi 

** Adkiiu et al., UD]>uUiihed work. 

•*%wdeD and Adkiu. J. Am. Ch«m. Soc.. 86, 689 (1934). 

** .^kins, Connor, and Cramor, ibid,, 61, 6192 (1930). 

**fi|>racue and Adldna, ibid., 66. 2669 (1934); Stataraan and Adkina, ibid., 61, 3303 

(WW. 
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Catalytic reduction with platinum or palladium has been shown to be 
an effective method for the synthesis of homologs of ephedrine. The 
pure hydrochlorides of the amino ketones, dissolved in alcohol, are 
readily reduced to the amino alcohols with platinum oxide “ and hydro¬ 
gen at 3 atmospheres. 

ArCOCHR „ ArCH—CHR 

I 1 I 

NHR' ^ OH NHR' 


Although two diastereoisomeric forms of the product are possible only 
one form was obtained. Thus, when Ar is phenyl, and R and R' are 
methyl groups, catalytic reduction produces di-ephedrine and not pseudo- 
ephediine. 

Hartung has found that a palladium-Norite catalyst and hydrogen 
reduced a-oximino ketones to the a-hydroxyoximes. However, in the 
presence of three equivalents of hydrochloric acid the a-hydroxy amines 


Ax—CO—C—CHa „ ArCH—C—CHj 

-> I II 


Pd 

(3HC1) 


N—OH 

Hi 

Ar—CH—CH—CHs 

1 I 

OH NHa 


Pd 


OH N—OH 


were produced. When a-oximinoacetophenone is reduced over pal¬ 
ladium or nickel,®'’ the amino ketone is the first product; this under¬ 
goes self-condensation and dehydrogenation to produce diphenylpyra- 
zine. 


C.H»COCH=NOH CjHaCOCHaNH* -♦ 

CH* CH 

/ \ ' / \ 

C.Hs—C N CsHs—C N 

II II - 11 I 

N C—C,H6 N C— €«Hs 

\ / \ 

CH> CH 

M Hyde. Browning, end Adams, t&id.. 60, 2287 (1928). 

** Hartung, Und., 60, 3370 (1928) ; 66, 2248 (1931); Hartung and Munch, ibid,, 61, 
2202 (1929); Hartung, Munch, Deakert, and Crosaley, ibid., 62, 3317 (1030). 

•• Brown, Durand, and Marvel, ibid., 88, 1594 (1936). 
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Halogen Ckimpounds 

Busch and St6ve have shown that the halogen in many types of 
compounds may be quantitatively removed by treating an alcoholic 
potassium hydroxide solution of the substance at room temperature with 
a palladium-calcium carbonate catalyst and hydrogen at 1 atmosphere. 
The method has been proposed for the quantitative determination of 
halogen in organic compounds. Some typical examples are shown in 
Table IV. 

TABLE IV 


Replacbicent o» Haiogbn by Hydrogen*® 


O)mpound 

Catalyst 

i 

Solvent 

Tem¬ 

per¬ 

ature, 

°C. 

Pres¬ 

sure, 

atm. 

Amt. 

of 

Com¬ 

pound, 

g' 

Time, 

hr. 

Name 

■ 

Ethylene bromide.... 

Pd(CaC 03 ) 

1 

Ale. KOH 

20 

1 

0.21 

1.0 

Chloroacetic acid. 

PdCCaCOa) 

1 

Ale. KOH 

20 

1 


3.0 

Benzal chloride. 

PdtCaCOs) 

1 

Ale. KOH 

20 

1 

lEl 

0.8 

Tolane tetrachloride. . 

Pd(CaC 03 ) 

1 

Ale. KOH 

20 

1 

0.19 1 

1.0 

Bromobenzene. 

PdtCaCOs) 

1 

Ale. KOH 

20 

1 

0.26 

0.33 

2,4,6-Tribromophenol. 

PdtCaCOs) 

1 

Ale. KOH 

20 

1 

0.18 

0.45 

m-Bromobenzoic acid.. 

PdtCaCOa) 

1 

1 

Ale. KOH 

20 

1 

0.20 

0.15 


With platinum oxide as a catalyst and alcohol as the solvent, a 
temperature of 50-70°, and hydrogen at 3 atmospheres. Brown, Durand, 
and Marvel have shown that aromatic halogen compounds are dehal- 
ogenated and hydrogenated to the saturated cycloparaflfins in 70 to 95 
per cent yields. 

Rosenmund *’■ **’ **“ has developed a useful method for the synthesis 
of aldehydes by replacing the halogen of an acyl chloride by hydrogen in 
the presence of palladium catalysts on barium sulfate or kieselguhr. In 
order to prevent reduction of the aldehyde, a poison, “sulfurized quino¬ 
line” or thioquinanthrene is added. The reductions are usually carried 


RC 0 C 14 ^.Ha 


Pd(Ba80*) 
QuiaoUne + B 


> ECHO -1- HCl 


“ B«»eninund and Btr., M, 426 (1921). 

Boaenzrrasd, Z«tai6&e, and Fltttaeh, Ber., N. 28S8 (1921). 
**Roaennnmd, Zetiac^, and Endsrtin, Ber., 65 , 609 (1922). 
***Roseninund, Zetzacbe, andWeilar, Ber., 84, 1481 (19!S). 
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out by paasing hydrogen through a boiling toluene or xylene solution of 
the acid chloride in which the cataljrst is suspended. Some typical 
examples are shown in Table V. 

TABLE V 

Aldehydes from Acid Chlorides 


Compound 

Catalyst 

Amt. 

Sulfur- 

ized 

Quin¬ 

oline, 

mg. 

Solvent 

Bath 

Temp., 

°C. 

Amount 

of 

Com¬ 

pound, 

E- 

Time, 

hr. 

Ref. 


Amt., g 

C,H(CH,COa. 

Pd(BaSO<) 

2.0 

10 

Toluene 

115 


4.0 

86 

p-OjNCelUCOCl. 

Pd(t) 

0 5 

10 

Xylene 

150 


2.5 

82 

m-C,H.{COCl)8. 

Pd (k) 

0.2 

2 

Xylene 

150 

2.0 

4.0 

87 

ji-C,H4(COC1)j. 

Pd (*) 

0.5 

6 

Xylene 

150 

20 

32.0 

87 

cico(cHj),coa. 

Pd (k) 

0.2 

2 

Xylene 

150 

4 

6 

87 

cico(CH2)8Coa .... 

Pd «.•) 

1 0 

1 

Xylene 

150 

10 

15 

88 

CeHsOCHitCOCl . 

Pd(BaSO<) 

0.7 

15 

Xylene 

133 

2 

3.5 

89 

o-actHiCn==cHcoc\ . 

Pd(BaS 04 ) 

0.7 

25 

Xylene 

125 

4 

4.2 

89 


Nitriles 

The hydrogenation of nitriles in neutral solution results in the forma¬ 
tion of a mixture of primary and secondary amines. The reduction 
apparently proceeds in a stepwise fashion through the aldimine. The 

RCN RCH=NH RCHjNH* 

aldimine reacts with the primary amine in the same fashion as an alde¬ 
hyde, leading to the Schiff’s base 

NH2 

I 

RCH==NH + RCH 2 NH 2 -> RCH—NHCHjR RCH»N=CHR + NH, 

which then undergoes further reduction to the secondary amine.**’ 

RCH2N==CHR + Hj (RCH2)2NH 

At temperatures above about 160" the primary anune may also lose 
ammonia to produce the secondary amine.” 

2RCH2NH2 -> (RCH2)2NH + NH, 

Or«. Syn.. SI, 84, 110 (1941). 

•®vou Braun, Blessing, and Zobel, Ber., W, 193B (1933). 

Winanfl and Adkins, /. Am. Chcm, Soc.^ W, 300 (1932). 
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When platinum oxide is the catalyst the percentage of primary 
amine may be increased by using glacial acetic acid as the solvent. With 
acetic anhydride as the solvent, yields up to 88 per cent of the acetylated 
primary amine may be obtained.*® High yields of the primary amine 
may be obtained by using palladium-Norite catalyst ** and adding one 
equivalent of hydrochloric acid to the alcohol used as a solvent. 

If nickel is the catalyst, the above modifications cannot be used since 
adds attack the finely divided nickel. In order to increase the yield of 
primary amines when nickel is the catalyst it is desirable to carry out 
the reduction as rapidly as possible and to dissolve some anhydrous 
ammonia in the solvent in order to repress the reaction of the aldimine 
with the already formed primary amine.*'' **• ** In general, the hydro¬ 
genation of a nitrile over nickel should be carried out at 100° to 150°. 
The yield of primary amine should then be 70 to 90 per cent. Some 
typical reduction data on nitriles are ^ven in Table VI. 

TABLE VI 

Rbducton of Nitriles 


Compound 

Catalyst 

Solvent 

Temp., 

•c. 

ProB- 

aure, 

atm 

Moloa 

of 

Com¬ 

pound 

Time, 

hr. 

Composition 
of Product 

Rel. 

Name 

Ami , 

K- 

% 

Primary 

Amine 

% 

Secondary 

Amine 

BenzonHrile.. 

9!l|[|||| 

0.8 

Aba. ale. 

25' 

3 

0,4 

21 

21 

70 

m 

Bensonitrilo.. 


0.5 

HOAo 

25 

3 

0,4 

7 

62 

38 

n 

BensonitriJe.. 


0.45 

AcjO 

26 

3 

0.2 

6 

67 


n 

o-Tolunitrile.. 


0.6 

AcjO 

26 

3 

0.2 

10 

M ♦ 


02 



0.2i 

AcjO 

25 

3 

0.2 

6 

88* 


02 

Pbenylaoeto- 












PtO» 

1.2 


25 

3 

0.2 

22 

03 • 


02 

Benaonitrile.. 

Pd(C) 


Alc.+ 

25 

1 





03 




HCl 








Beiuonitrile.. 

Pd(Ba804) 


HOAc 

26 

1 



80 


06 

Pheoylaoeto- 


.. * 

HOAc 











+ HCl 

26 

1 



73 


06 

Valerooitrile.. 

N1(R) 

20 

125 

100 

4.8 

0.6 

67 

16 

04 

Bensonitrile., 

Ni(E) 

20 


160 

100 

6.3 

0.3 

75 

10 

04 

o-ToIunitrile.. 

Nl(*) 

2 


125 

100 

0.36 

2.5 

60 


07 


* As N-subatituted acyluDHla, 


*• C»rothera and Jones, 9051 (1925). 

•* ibid., BO, 8370 (1928). 

** Sobwoegler and Adldlu, ibid,, 01 , 3409 (1930). 

•• abwk. V. 8. pet., 2,188,151 (July 18, 1939) IC. A., 98, 8211 (1939)]. 
**BiMeninund and Pfankudi, Btf., 88, 2258 (1K3). 

« AdlriiM end Cramer, X Am. Chem. 8oc., Bt, 4349 (1030). 
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Oximes 

With oximes, as with nitriles, secondary amine formation may occur 
to a large extent when hydrogenation is carried out in neutral solvents. 
Hartung and his co-workers **■ “ have recommended the addition of 
three or more equivalents of hydrogen chloride to the alcoholic solution 
of the oxime and report high yields of the primary amine by hydrogena¬ 
tion under these conditions. Glacial acetic acid has also been used as a 
solvent. Hydrogenation of the oxime acetate may pve a higher yield 
of the primary amine than hydrogenation of the free oxime.** The 
reduction of a-oximino ketones has been discussed under ketones (p. 807). 

The oximino group reacts with hydrogen over nickel under milder 
conditions than other functional groups with the possible exception of 
certain alkenes and imines.** It is not unusual for the reaction of an 
oxime with hydrogen over Raney nickel to be^n at room temperatures. 
Since the reaction is quite exothermic, the temperature of the bomb and 
contents frequently rises to 40° or 50° without any external heating. It 
is probably desirable in the use of Raney nickel with oximes to keep the 
temperature of the reaction mixture below 80°. This is especially 
important with a-oximino ketones, from which resinous products are 
formed at higher temperatures. 

With the simple oximes the only side reaction of any consequence is 
the formation of secondary amines as in the case of the cyanides, i.e., 
through the interaction of primary amine and the intermediate imine. 

There is a good deal of variation in the proportion of primary and 
secondary amines formed from different oximes. In some cases the 
yield of primary amine was almost quantitative, as from the oximra of 
benzophenone and camphor, while in one or two instances the yield of 
primary amine was as low as 40 to 42 per cent. It is probable that with 
a few exceptions the yield of primary amine can be held at least as high 
as 70 to 80 per cent, with 20 to 15 per cent of secondary amine. 

A number of oximino ketones and oximino esters are readily hydro¬ 
genated, but open-chain amines are not obtained because the amino 
ketone or amino ester just formed reacts with the formation of a pyrar- 
zine or pyrrolidone.^' ** For example, the monoxime of benzil gave a 
42 per cent yield of tetraphenylpyrazine when hydrogenated over Raney 
njnlrel under 150 atmospheres of hydrogen at 70 to 90°. 

0 NOH „ Ph—C C—Ph 

II II ^ I 1 

Ph—C—C—Ph Ph—C O—Rh 

Xn-/ 

•• WinaoB and Adluna, ibid., M, 2061 (1833). 
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Al ftimifiA B and Ketimines 

Aromatic aldehydes condense with primary amines to produce 
aldimines or Schiff bases. These may be hydrogenated at 25° and 3 
atmospheres pressure in the presence of platinum oxide to produce the 
secondary amines in good yield.** Buck *** has described the synthesis of 

ArCHO + RNHi -♦ ArCH=N—R + HjO 

H.jpt 

ArCHa—NHR 

a series of substituted di-(^-phenylethyl)-amines and benzyl /3-phenyI- 
etliylamines by this method. 

Since aliphatic aldehydes condense with aryl amines to produce 
polymeric condensation products it is usually not possible to obtain the 
Schiff bases. However, by treating an alcoholic solution of a primary 
aryl amine and an aliphatic aldehyde with hydrogen and Raney nickel 
in the presence of sodium acetate it is possible to obtain 50-65 per cent 
yields of alkyl aryl amines.*® 

Hydrazones, Semicarbazones, Ketazines, Hydrazo, and Azo Compounds 

Hydrazones and ketazines have also been hydrogenated by means 
of platinum, palladium, and nickel catalysts. The reduction may stop 
witk the formation of the hydrazine or hydrazo compound or may con* 
tinue by cleaving the nitrogen to nitrogen bond to form primary amines. 
Bailey and his co-workers, ***’ *** who used Skita’s colloidal 

platinum catalyst, report that the reduction is greatly facilitated by the 
presence of a quantity of hydrochloric acid suflScient to form the salt of 
the hydrazo compound which is formed. Table VII contains some typi¬ 
cal examples. 

The hydrogenation of semicarbazones to semicarbazides is success¬ 
fully accomplished under the proper conditions. Bailey and his co¬ 
workers *** have used a colloidal platinum catalyst prepared with gum 
arable by Skita’s method. Hydrochloric acid must be present for suo- 

** Rupe and Hodel, BOt. Chim. Ada., «, 878 (1923). 

“»Buck, J. Am. Chem. Soe., M, 2192 (1931). 

Eiineraon and Walters, tbidv AO, 2023 (1938); ESmeraon and Robb, iMd., 01, 3145 
(m9). 

Lochte, Bailejr, and Noyee, ibid., 40, 2597 (1921). 

“•Ijoehte, Noyes, and Bdley, 9nd., 44, 2556 (1922). 

iMNeiidrboTB, Foster, aark. Miller, and BaUey, ibid., 44, 1657 (1922). 

"'fiarldns and Lochte, ibid., 40, 460 (1924). 

>** 8eliulM Hid Lochte, ibid^ 40,1030 (1926). 

Mul BaOey, ibid., 40, 3001 (1923). 



TABLE VII 

Reduction of Htdbazones and Ket 
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cessM reduction. Taipale and Smirnoff,*** who have used the Low- 
WUlstfttter platiniun black catalyst, report successful reduction in 
neutral alcohol solutions but faster reduction in glacial acetic acid. 
Examples are tabxilated in Table VIII. The yields of semicarbazides 
isolated raided from 7&-95 per cent. 

TABLE VIII 


Semicaiibazones to Bemicasbazides 


Compound 

Catalyst 

Solvent 

Temp., 

Free- 

Amount 
of Com¬ 
pound, g. 

Time, 

Ref. 

Semicsrbaxone of 

Type 

Amt., g. 

“C. 

Bure, 

atm. 

hr. 

Acetone. 

Pt (coU.) 

0.5 

33% 

CHiOH 

20 

2.3 

60 

6 

107 

Bens^dehyde. 

Pt (coll.) 

0 6 

+ HC1 

.33% 

CH,OH 

20 

2 3 

25 

2.6 

107 

CsmphOT. 

Pt (coU.) 

1 0 

+ HCl 

33% 

CHiOH 

20 

2 3 

10 

20 

107 

Carromentbone. .. 

Pt (coil.) 

0.6 

+ HCl 

33% 

CHrflH 

20 

2.3 

50 

6 

107 

Cyclobexsiume.... 

Pt (ooU.) 

0.6 

+ Ha 

33% 

CHrf>H 

20 

2.3 

60 

3 

107 

MeoUiooe. 

Pt (ooU.) 

0.6 

+ HCI 

33% 

CH,OH 

1 

i 

20 

2.3 

60 

2.7 

107 

Acetaldehyde. 

Pt 

n 

+ Ha 

HOAc 

20 

1 

6 

3.6 

108 

Propionald^yde... 

Pt 

■ 

CHjOH 

18 

1 

2.0 

12 

108 


Azobenzene is rapidly reduced by hydrogen and colloidal palladium 
at room temperature and 1 atmosphere pressure. If the reduction is 
Btoi^>ed after cm fooleof hydn^;en has been absorbed hydrazobenzene 
may be iBolated.^'“Further reduction yields aniline.‘®* 

^ CiH»NHNHCiH» 2CeH|NHi 

A leiiotlifir azo compounds have been studied. »•’ ** 

sod Smiraoft, Bw., N, ITS* <1823). 

4B, GW* 
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The nitrogen to nitrogen bond in azobenzene, diazoaminobenzene, 
the azo dyes, and phenylhydrazoncs is cleaved by hydrogen over nickel 
catalysts at 75—125°. The corresponding amines have been isolated in 
good yields.^^’ “* 

Nitro Compounds 

The nitro group undergoes cataljrtic reduction with great ease in the 
presence of the hydrogenation catalysts. The reaction is highly exo¬ 
thermic, and caution must be exercised in reducing nitro compounds to 
avoid excessively high temperatures. The amounts taken for reduction 
should be limited or the reducing bomb provided with an adequate cool¬ 
ing jacket. 

Nitrobenzene, m-dinitrobenzene, p-nitrophenol, 3,3'-dinitrobiphenyl, 
and nitrocymene, for example, have been almost quantitatively reduced 
to the corresponding amines over Raney nickel at 75° to 125°. The 
hydrogenation of nitro compounds should be carried out in an alco¬ 
holic solution in order to maintain the homogeneity of the solution even 
after all the oxygen of the nitro group has been converted to water. 

Raney nickel may react wdth a nitro compotmd with the formation of 
nickel oxide and azo and azdxy compounds.’* Raney nickel has been 
used under 2 to 3 atmospheres pressure for the reduction of nitrobenzene 
arsonic acids to the corresponding aminobenzene arsonic acids. 

Both aromatic and aliphatic nitro compounds are smoothly reduced 
to the primary amine. When aliphatic nitro compounds are reduced in 
aqueous oxalic acid with hydrogen and palladium on barium sulfate the 
hydroxylamine oxalates may be obtained in 70-98 per cent yields.’’* 
Table IX contains some examples of the reduction of nitro compounds. 

Nitro compounds may be reductively alkylated with aldehydes or 
ketones in the presence of hydrogen and a catalyst in order to produce 
nitrones, substituted hydroxylamines, secondary amines, and in a few 
cases tertiary amines. Reduction of a mixture of nitrobenzene and 
baizaldehyde with platinum and hydrogen yields the nitrone by reduc¬ 
tion of the nitrobenzene to phenylhydroxylamine and condensation with 
the benzaldehyde. 

CsHjNOs + 2H2 CsHtNHOH + HjO 

CeHjNHOH + C*H»CHO ^ C6H6N==CHC6Hs + H*0 

■t 

O 

“•AdJdn*, "Reactions of Hydrogen, etc.,” p. 96, UniverMty of Wlanon^ Rreag 
Ma^n (1937). __ 

gtevinson and Hanulton, J. Am. CHem. Soc., 1298 (1935). 

*** Schmidt, Aacherl, and Mayer, Her., 68 , 2430 (1^5). 
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TABLE IX 


Reduction of Nitbo Comfounds 



Catalyst 

Solvent 

Tonp., 

“C. 

Prea- 

sure, 

atm. 

Amount 

of 

Com¬ 

pound, 

molaa 

Time, 

min. 

Product 

R«f. 

Compoundi 

Type 

Amt., 

8- 

Nitrobuuene. 

PtO, 


Alo. 

25 

3 

0.1 

11 

Aniline 

113 

o-Nitiototuene_ 

PtO, 

ISH 

Alo. 

25 

3 

0.1 

11 

o-Toluidine 

118 

MetJiyl jviutro* 











bcfisoate. 

PtO, 

0.2 

Alo. 

25 

3 

0.1 

n 

Methyl p- 










Aminoben- 

lis 









Koate 


p-NitropheRol.... 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

P-Amino- 










phenol 

113 

F-mtroohloro- 











benscne. 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

j>-Chloro- 










aniline 

113 




H,0 + 



grama 





jntromethane.... 

PdCBaSOd 

1 

HjCiO, 

25 

1 

6.1 

8 



112 

l-Nitoo-2- 



H,0 + 








Iiropanol. 

Pd(B»e04) 

2 

HtCtOi 

25 

1 

10.6 

15 



112 

l-Nitro-2- 



H,0 + 






Substituted 


butjmcd. 

Pd(B»80d 

1.3 

H,C,0, 

25 

1 

6 

7 


.hydroxyl- 

112 

l-Nitro-a- 



H,0 + 






amine 


octanol... 

PdCBaSOd 

1 

HjCiO, 

25 

n 


6 


oxalate 

112 

I-Mitro^ 





■ 






msthyl-2 



H,0 + 


■ 






butanol. 

PdCBsSOd 

2 

H,C,0, 

25 

D 

6.5 

20 



112 

3-Nitro- 











propudiol- 



H,0 + 


■ 






1,3. 

Pd(B»80«) 

4.8 

HiCjO. 

25 

B 

4.8 



Amine 







■ 




oxalate 

114 


Further reduction of the nitrone produces the substituted hydroxyl- 

RTnin e.u* 

C»Hr-N==€HC.H6 + Hj CeH^N—CH,C.Hs 


Major found that reduction of p-nitrophenol in acetone solution 
with hydrogen and platinum produced p-hydroxy-N-isopropylaniline. 
Benzaldehyde and p-nitrophenol gave p-hydroxydibenzylaniline, and p- 
nitroaniline and acetone produced N,N-diisopropyl-p-phenylenediamine. 

Yields of 31 to 96 per cent of N-alkyl arylamines may be obtained 
by dissolving the aromatic nitro compound in 95 per cent ethanol con¬ 
taining sodium acetate, adding the aliphatic or aromatic aldehyde and 

Adams, Coben, and Raei, J. Am. Chem. Soc., M, 1003 (1(07). 

«* lichmidt and WOkendorf, Btr., M, 389 (1919). 

iTavon and Crajoinovio, Cm»pt. rmd., 187, 420 (1928). 

/. Am. Chem. 1901, 2803, 4373 (1981). 
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Raney nickel, and shaking the mixttire with hydrogen at 3 to 4 atmos¬ 
pheres pressnre."’ 

Aromatic Nuclei 

Platinum black,** colloidal platinum and platinum oxide 
have been used as catalysts for the reduction of benzene and its deriva¬ 
tives. Adams and Marshall have found that glacial acetic acid is a 
better solvent for reduction of the aromatic nucleus than alcohol when 
platinum oxide is the catalyst. Generally the reductions required 
several hours. Brown, Durand, and Marvel have found that addition 
of a small amount of hydrogen chloride to the alcoholic solution of the 
hydrocarbon promotes the reduction. 

When platinum oxide Ls the catalyst aromatic amines are best 
reduced in the form of their hydrochlorides.““ Also pyridine derivatives 
are reduced faster as their hydrochlorides in absolute alcohol solution 
than as the free bases.'^^ Heckel and Adams have prepared the amin o 
cyclohexanols by reduction of aminophenols.'^ 

In Table X some examples of the reduction of aromatic compounds 
are given. It will be noted that many of these require considerable time 
for completion. It has been found that Raney nickel and nickel on 
kieselguhr will effect the reduction of aromatic nuclei much more rapidly. 

Nickel is the most satisfactory catalyst for the hydrogenation of the 
benzenoid nucleus.^® Benzene, toluene, other alkylbenzenes, phenol, 
cresols, and other alkylphenols, dihydric phenols, di- and triphenyl- 
methanes, di-, tri-, and tetraphenylethanes, biphenyl, naphthalene, 
alkylnaphthalenes, and many other derivatives of benzene, naphtha¬ 
lene, anthracene, phenanthrene, etc., have been quantitatively saturated 
with hydrogen at temperatures from 100® to 200°. A hydrogen pressure 
of 100 to 300 atmospheres is desirable but not always necessary. The 
exact temperature and time required vary with the structure and purity 
of the compound and the activity of the catalyst. In most instances 
complete hydrogenation can be accomplished within a few hours at a 
maximum temprerature of 200°. 

The aromatic nucleus in such compounds as aniline, diphenylamiue, 

1” Emerson and Mohrman, ibid., 8S, 69 (1940). 

ii> skita and Meyer, Ber., 46, 3689 (1912) ; Skita and Schneck, Ber., 86 , 144 (1922). 

Adams and Marshall, J. Am. Chem. Soc., 50, 1970 (1028). 

>»» Hiers and Adams, ibid., 49 , 1099 (1927); Ber., 59 , 162 (1926). 

**> Hamilton and Adams, J. Am. Chem. Soc., 50, 2260 (1928). 

Heokd and Adams, ibid., 47 , 1712 (1925). 

i«« Durland and Adkins, ibid., 89 , 135 (1937); 60 , 1601 (1938). 

>** Signaiso and Adkins, ibid., 68 , 709 (1936). 

«*• Adkins, "Reactions of Hydrogen, etc.,” pp. 86-62, Universitar of VOsoonain Press, 
Madison (1937). 
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TABLE X 

Reduction of Aromatic Nuclei 



Catalyst 


Tern- 

Free- 

Amount 

of 

Com- 

Time, 


Compound 

Type 

m 

Solvent 

perature, 

“C. 

sure, 

atm. 

pound. 

Moles 

hr. 

Ref. 

Bensene. 

PtO, 


HOAc 

26 

3 

0.2 

2 

119 

Ttduene. 

PtO, 

BB 

HOAc 

26 

3 

0.2 

2.7 

119 

m-Xylene. 

PtO, 

0.2 

HOAc 

25 

3 

0.2 

21 

119 

Meoitylene. 

PtO, 

0 2 

HOAc 

25 

3 

0.2 

8.6 

119 

Dipbenylmathane.. 

PtO, 

0 2 

HOAc 

25 

3 

0 1 

7.0 

119 

Triphenylmethane. 

PtO, 

0.8 

HOAc 

60 

3 

0 03 

48 

119 

Pfaenylaoetic acid.. 

PtO, 

0 2 

HOAc 

26 

3 

0.1 

5.5 

119 

Cymene. 

PtO, 

0.1 

Alc.HCl 

70 

3 

0.1 

2,5 

85 

Biphenyl. 

Dimethylaniline 

PtO, 

0.1 

Ale. HCl 

70 

3 

0.1 

10,0 


hydrochloride... 
Diphenylamine 

PtO, 

0.94 

Ale. 

50 

3 

0.1 

0.5 

120 

hydrochloride... 
Pyridine hydro- 

PtO, 

0.25 

Abe. Ale. 

50 

3 

0.1 

2.0 

120 

(ddoride. 

PtO, 

0.5 

Abs. Ale. 

26 

3 

0.1 

0.5 

121 

Toluene. 

Ni(R) 

10 


176 

100 

1.3 

0,1 

65 

Meeitylene. 

Ni(k) 

3 


200 

lOO 

0.6 

4 

55 

IMphenyhnethane.. 

Ni(fc) 

2 

rai,OH 

150 

100 

0.1 

7 

65 

Biphenyl. 

Ni(k) 

2 

C,H,OH 

200 

100 

0.17 

5 

65 

Phenanihrene. 

Ni(R) 

6 

C,H,4 

250 

200 

0.26 

8 

123 


Ni(k) 

Ni(*) 

2 


150 

100 

0 6 

3 

07 

Diphenyl ether... . 

2 


160 

100 

0.17 

4 

97 

Etl^ beneoate— 

Ni(*) 

8 


190 

100 

2.0 

1 

61 


Ni(fc) 

5 


175 

100 

1 0 

9 

97 

Quinoline. 

Ni(R) 

6 


200 

100 

0.41 

4 

97 

l-Phenyipyntde... 

CuCr ,04 

6 


240 

150 

0.10 

2.6 

124 


triphenylanune, ethyl benzoate, diethyl phthalate, diethyl- 1 , 1 '-diphen- 
ate, ethyl 7 -phenylpropionate, and 3-phenylpropanol-l have also been 
hydrogenated under amilar conditions. Aromatic ethers may likewise 
be hydrogenated fairly satisfactorily, although in many cases hydro- 
genolysis occurs. Tlua type of reaction is discussed in more detail later 
in this chapter. 

In general, it is not feasible to hydrogenate alcohols of the bengyl 
tsnpe since these eranpounds readily undergo hydrogenolysis to hydro- 
cwbons. 

' C*H|CHrf)H -h Hi C»H»CH, + H,0 

and Docken (^iserved that the hydrogenolysis of a diaryl 

>** SfeMflkaii Bod Dociwa, uaputdiriMd multB. 
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pmacol took another course. With copjjer chromite at 200® as the 
catalyst, n-propylbenzene was produced by hydrogenolysis of 3,4-di- 
phenyl-3,4-hexanediol. 



In general, copper chromite is not active for the hydrogenation of 
simple aromatic rings. For that reason it is very valuable as a catalyst 
for the partial hydrogenation of naphthalene,*^^ phenanthrene,***”’ **** 
anthracene, quinoline,“ phenylpyrroles,***^ indoles,**“ and acridine.**® 
For example, tetralin and dihydrophcnanthrene are readily obtained 
by the partial hydrogenation of naphthalene and phenanthrene, respec¬ 
tively. 

The pyridine ring may be hydrogenated over nickel under the same 
general conditions as the derivatives of benzene. Many derivatives of 
piperidine have been so prepared from the corresponding derivatives of 
pyridine.*” 

The pyrrole nucleus, unless it carries a carbethoxy group on the 
nitrogen, is extremely resistant to hydrogenation.**^’ ***“ In general, 
temperatures of 200® to 250° are required with a nickel catalyst. Pyr¬ 
role itself and the alkyl pyrroles are hydrogenated under these conditions 
to pyrrohdines in good yields. However, the pyrroles carrjung a car¬ 
bethoxy group in the 2-, 3-, 4-, or 5-position are likely to be so resistant 
to hydrogenation that the carbethoxy group is converted to a methyl 
group before the ring is hydrogenated. Pyrroles carrying a carbethoxy 
group on the nitrogen are more readily hydrogenated than many deriva^ 
tives of benzene. For example, 1,3-dicarbethoxypjTrole has been con¬ 
verted rapidly to the corre.«ponding pynolidine at a temperature of 70® 
over Raney nickel. N-Alkylpyrroles and their derivatives are slowly 
reduced with hydrogen and platinum at room temperature provided that 
oxygen is excluded and the catalyst is reduced separately.*®*® 

Adkins and Rnid, J. Am, Chem. Soc., 63, 741 (1941). 

Burger and Moaettig, Md., 87 , 2731 (1935): 88 , 1857 (1936). 

'•» van de Kamp and Mosettig, 57 , 1107 (1936). 

1*® Adkins and Coonradt, ibid,, 63 , 1563 (1941). , 

*•* Adkins, Kuick, Farlow, and Wojcik, ibid., 86, 2425 (1934). 

>»(a)RaineyandAdkins.i&id.. 61 , 1104 (1939). (5) SoU and Shriner, ibid., 68,3828 
(1933). 
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HYDROGENOLYSIS 
Hydrogenol 3 rsis of Alcohols 

Reactions of the type ROH + H 2 —► RH + HjO take place readily 
only if R contains a phenyl, pyrryl, furyl, pyridyl, hydroxy, carbonyl, or 
carbalkoxy group. The reaction takes place readily when an alcohol, for 

I I I 

example, has the structure —C=C—C—OH where the double bond is 

I 

resistant to hydrogenation as in benzyl alcohol. This alcohol is con¬ 
verted almost quantitatively to toluene over nickel at 100° to 125°. 
Similarly, mandelic ester yields phenylacetic ester when hydrogenated 
at 175° over nickel.'** 


C»H8CH0HC02C2H6 + Hi CeHECHiCOaCsHs + H 2 O 


o-Benzoylbenzoic ester is converted to o-benzylbenzoic ester over 
copper chromite at 200°. The alcoholic hydroxyls in substituted benzyl 
alcohols such as in 


CHs 


HOH; 



CHjOH 


OH 


and di- and tri-aryl carbinols are readily replaced by hydrogens over 
copper chromite.'** Acyl pyrroles such as 



COCH* 


H, 

-> 

CuCrjOi 



CHjCH, 


jue converted to alkyl pyrroles'** over either copper chromite or Raney 
nickel. The furan ring has a similar though less marked effect in labil- 
izing hydroxyl groups toward hydrogenolysis, because the furan ring is 
more readily hydrogenated than a benzene or pyrrole ring, and thereby 
the labilizing effect of the unsaturated linkages is lost.'** Methylfuran 
has been obtained from furfuryl alcohol over copper chromite at 200°. 
If the aromatic nucleus is more distant from the hydroxyl group as in 
{dienyliethyl alcohol the replacement of hydroxyl by hydrc^en does 
not oficur so readily as in the benzyl alcohols but nevertheless consti- 

*** AdkiBa. Woj<^, and Covwt, ibid., H. 1609 (1933). 

*** Aurdidc and Adkina, ibid., M, 488 (1SS4). 
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tutes an important side reaction when an attempt is made to hydrogenate 
the nucleus. 

Copper chromite is in general more effective than nickel as a catalyst 
for hydrogenolysLs of compKDundB of the types discussed just above. This 
is true because it is less active for the sattiration of the unsaturated 
linkages upon which the labihzation of the carbon-to-oxygen linkage 
depends. 

Hydroxyl groups have a labilizing influence upon carbon-to-oxygen 
linkages, similar to that manifested by carbon-to-carbon double bonds. 
This effect is particularly evident in 1,3-glycols. Trimethylene glycol 
and 1,3-cyclohexanediol are converted rapidly at 200® over copper 
chromite to propyl alcohol and cyclohexanol, respectively. Glycerol 
also loses one hydroxyl group and 1,2-propanediol is formed. 

CH 2 OH CHs 

I CuCr204 I 

CHOH + H 2 -> CHOH + H 2 O 

1 I 

CHjOH CH 2 OH 

If a glycol contains a secondary and primary hydroxyl, either one may 
be eliminated with the formation of isomeric alcohols. However, it 
would appear that the primary hydroxyl is the more readily eliminated 
since 1,3-butanediol gives almost twice as much 2-butanol as 1-butanol. 
Similarly, hydrogenation of the cyclic 1,3-glycol leads exclusively to the 
secondary alcohol.^* 


-CHOH -CHOH 

I I 

—{CH 2 ) 4 —CHCH 2 OH -♦ —(CH2;4—CHCH, 
where n has a value of 3 or 4. 

The 1,2- and 1,4-glycols are much more stable toward hydrogenolysis 
thun the 1,3-glycols, In open-chain glycols the 1,2-compounds are 
more stable than the 1,4-glycoIs while with the cyclohexanediols the 
1 ,4-glycol is the more stable. 

The hydrogenolysis of carbon-to-oxygen linkages in some of the 
more highly substituted glycols has been noted in the later section on the 
hydrogenolysis of carbon-to-carbon linkages (p. 825). 

*** Connor and Adkins, ibid,, 54, 4678 (1032). 
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Hydrogenolysis of Ethers “* 

ROR' + H, RH + R'OH 

Aryl alkyl ethers are in general quite stable toward hydrogenolysis 
and even over Raney nickel undergo hydrogenation rather than hydro¬ 
genolysis. Dialkyl ethers are quite stable toward hydrogen over nickel 
at temperatures below about 250°, at which temperature carbon-to- 
carbon cleavage may occur. 

The benzyl ethers are very readUy cleaved over Raney nickel at 
temperatures of 100° to 150°, toluene and an alcohol or phenol being 
formed invariably. The benzyl aryl ethers are cleaved at a somewhat 
lower temperature than the benzyl alkyl ethers. The diaryl ethers 
require a somewhat higher temperature for hydrogenolysis, i.e., 150° to 
200°. Over Raney nickel there is very little hydrogenation of these 
ethers, but over nickel on kieselguhr a niunber of ethers react by hydro¬ 
genation rather than by hydrogenolysis. The readiness of the cleavage 
of benzyl ethers is another illustration of the effect of a double bond in 
the 2-position in labilizing the carbon-to-oxygen bond. 

The ether linkage in tetrahydrofuran derivatives is quite stable 
toward hydrogenolysis, but because of the influence of the double bonds 
the furan derivatives are cleaved by hydrogen at 175° or lower. 

Nickel is probably a more active catalyst than copper chromite for 
the hydrogenolysis of ethers. Copper chromite is a better catalyst for 
the cleavage of furanoid compounds, since it is less active toward double 
bonds; hence those important labilizing groups are not hydrogenated 
until after hydrogenolysis has occurred. Copper chromite was also used 
by Zartman *• for the hydrogenolysis of the ether l,l-diphenyl-2- 
phenoxyethylene at 200°. 

Hydrogenolysis of Acetals 

RCH(0R')3 -+ RCH*OR' -h R'OH 

The same conditions that are favorable to the hydrogenolysis of 
ethers also result in the hydrogenolysis of acetals. Diethyl furfural 
acetal is converted in 97 per cent 3 neld over nickel (Jc) or Raney nickel 
at 175° to furfrxryl ethyl ether. 

CH-CH CH-CH 

W II +m-* 1 ! 1 ! + C.H,OH 

CH CCH(OC,H»)t OH CCH*OC,H» 

\>/ \o/ 

»f V«n Duaee and Adldna. iWa.. W, 147 (1036). 



CATALYTIC HYDROGENATION AND HYDROGENOLYSI8 823 


If a little of any one of several amines is added to the reaction mixture, 
then the reaction is primarily one of hydrogenation and the diethyl 
acetal of tetrahydrofurfural is produced in a 76 per cent yield. 

The course of the hydrogenation of a cyclic acetal (benzylidene 
acetal of ethylene glycol) may be represented thus: 

CjHsCHjOCHjCHjOH CeHsCHj + HOCHjCHjOH 

HiJ 

/O—CHj 

CsHsCHC; 1 C«HjCH, + CHjCHsOH 

\0—CHj 

Hjj Hi 

/O-CHiCHi 

CeHjCH^ —^ CbIIsCHiOCHiCHs + HiO 

^OH 

The above scheme accounts for the products obtained at 125°, i.e., 
toluene, ethanol, ethylene glycol, benzyl ethyl ether, and the mono¬ 
benzyl ether of ethylene glycol. At 175° these same products were 
obtained, accompanied by the corresponding hexahydro compounds. 
Ethylene glycol and hydrocarbons were obtained at 175° from the benzyl 
ether of ethylene glycol. The hydrogenation of the benzylidene ether 
of trimethylene glycol and of the 1,2-benzylidene ether of glycerol 
yielded results similar to those obtained from the ether of ethylene 
glycol except that the hydrogenation proceeded more slowly. 


Hydrogenolysis of Acid Anhydrides and Imides 


Both phthalic and succinic anhydrides were reduced with hydrogen 
to give lactones as well as more completely hydrogenated products. 
Phthalic anhydride over nickel at 150° or copper chromite at 260° was 
converted to phthalide in 80 per cent yields. 



while succinic anhydride over copper chromite at 250“ gave a 29 per 
cent yield of butyrolactone: 


CHi—C=0 


> 

CH»—0=0 


CH,—CH, 


CHi—C^O 


Austin, Bouaquet, and Lazier, ibid., 59, S64 (1937). 
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A siirular transformation is the hydrogenolysis of phthalimide to phthal- 
imidine ” in an 80 per cent yield at 200® over nickel (k): 




N-substituted succinimides and glutarixnides have also been converted 
to the corresponding p 5 nTolidones or piperidones over Raney nickel 
at 220° in dioxane solution where R is —CH 2 CH 2 C 6 H 11 or —CsHu. 


O 

II 

CHsC 

^NR 

CHjC 

II 

O 


CHsCHj 

^NR 

CHjC 

II 

O 


Hydrogenolysis of Esters and Lactones ^ 

RCO 2 R' RCO 2 H + R'H 

Certain esters and lactones readily undergo hydrogenolysis; benzyl 
acetate, for example, was quantitatively converted to toluene and acetic 
acid at 135° over nickel. The reaction is not complete unless an amine 
(N,N-dimethylcyclohexylamine) is used as a solvent to neutralize the 
acid as it is produced. o-Benzoylbenzoic ester is converted in 95 per cent 
yield over nickel (k) at 150° to o-benzylbenzoic acid. The reaction prob¬ 
ably involves, first, the hydrogenation of the carbonyl; second, the 
formation of a lactone; and then the hydrogenolysis of the lactone; 


O 



M*fsden Mid Adldiu, Md., $8, 2487 (1036). 
^ ^ojeik and Adkina, Odd.. U, 4989 (1933). 
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Certain lactones have been converted in 70 to 80 per cent yields to 
the glycols, yet the hydrogenolysis to the acid is always a possible source 
of difficulty with such compounds, i.e., 

CH2CH2CHsC=0 + Hj CHjCHjCHjCOsH 

I-0-1 

The oxygen of the carbonyl group may also undergo cleavage with 
the formation of tetrahydrofurans. 

CHsCHaCHaC^O + CHjCHjCHjCHj -f HjO 

1 - 0 - 1 .1 - 0 - 1 

Furfural diacetate readily undergoes hydrogenolysis with the for¬ 
mation of considerable amounts of furfuryl acetate: 

CH-CH CH-CH 

II II -f Hi 1! II -1- CHjCOiH 

CH CCHCOiCCH,)* CH CCHiO^CCHa 

Hydrogenation also occurs, so that other products are produced. 

Hydrogenolysis of Carbon-Carbon Linkages 

Carbon-to-carbon linkages are in some cases cleaved by hydrogen 
under the conditions used for hydrogenation with nickel and copper 
chromite catalysts.” Alkyl and aryl groups as well as oxygen and nitro¬ 
gen as substituents labilize a carbon-to-carbon linkage toward hydrogen¬ 
olysis. 

Pentaphenylethane is cleaved by hydrogen at 125° over nickel and at 
200 ° over copper chromite. 

(C.Hj),CCH(C,H6)2 + Hj ^ (C,H6),CH + (CeHilsCH* 

Tetraphenylethane is also cleaved under somewhat more drastic condi¬ 
tions, but triphenylethane is stable toward hydrogen over nickel and 
copper chromite at least up to 250°. The unsaturated phenyl group is 
much more effective in laTcilizing carbon-to-carbon bonds than are the 
saturated groups. Even the highly substituted pentacyclohexylethane 
is resistant to hydrogenolysis. 

A single oxygen does labilize a carbon-to-carbon linkage, for an 
alcohol of the type RCHjOH reacts with hydrogen over Baney nickel 
with a rupture of the linkage between R and the carbinol carbtm, but 
fi.e temperature required for this reaction is rather high (250°) and even 
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then the reaction proceeds slowly.*^® However, two oxygens in the 1,3- 
positions with respect to each other exert a powerful influence in facili¬ 
tating hydrogenolysis. The diketone, (CH 8 ) 8 C 6 H 2 COCH 2 COCH 3 , 
gives a 25 per cent yield of (CH 3 ) 3 C 6 H 2 COCH 8 at 125'’ over Raney 
nickel. A more highly substituted 1,3-diketone, CsHsCOCHCOCHj, 

I 

CH»C,H5 

undergoes hydrogenolysis at carbon linkages to the extent of more than 
68 per cent at 60*’, wMe CHjCOCHCOCH* gives a 40 per cent jield of 

I 

CHjCtHj 

CH8COCH2CH2C6HS. 

The combination of alkyl and oxygen substitution is the most effect¬ 
ive structure for labilization toward hydrogenolysis. As noted else¬ 
where in this chapter, disubstituted malonic esters undergo hydro¬ 
genolysis quantitatively in the sense of the reaction 


RjCCOjCjHi (R 2 CHCO 2 C 2 H 6 -I- HCO 2 C 2 H 6 ) 

CO 2 C 2 H 6 R2CHCH20H + CHsOH -|- 2C2H60H 

Substituted fl-keto esters show a similar tjqje of reaction. For example, 
in an acetoacetic ester CHsCO- • •CHRCO 2 C 2 H 6 , where R was n-butyl, 
cleavage occurred at the dotted linkage to the extent of 71 per cent, while 
when R was lienzyl the cleavage was quantitative. Ethyl dimethylace- 
toacedc ester underwent the followii^ reaction: 

CH,C 0 CMe 2 C 02 C 2 H 6 Me 2 CHCH 20 H + 2C2H6OH 

Brandbed-chain alkyl groups are even more effective than straight-chain 
substituents in facilitating the cleavage of /3-diketones,**^ and a ^-keto, 
/3-hydroxy, or malonic ester. For example, Me 3 CCOCH 2 COCH 3 is 
cleaved to a greater extent than CH 8 COCH 2 COCH 3 . The 1,3-glycols 
behave similarly to these ketones and esters. For instance, 2-methyl-2,4- 
pentanediol (CH 3 ) 2 C(OH)'• •CH 2 CHOHCH 3 is cleaved within thirty 
minutes to give an 86 per cent yield of isopropyl alcohol. (The linkages 
undergoing hydrogenolysis are indicated by dotted lines in the formulas.) 

CH, • • • OH 

I 

HO • •' CHiC • • • CHjOH 

I 

CH,OH 

**»?^roJcik Hid AdldM, iWa., «9. U»8 (1983). 

and AdUnn, 00., M, 2069 (11»4). 
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Pentaerythritol cleaved quantitatively at one carbon-to-carbon and at 
two carbon-to-oxygen linkages to give isobutyl and methyl alcohols. 
Even pinacol, a 1,2-glycol, suffered carbon-to-carbon cleavage to the 
extent of 17 per cent, along with a similar amount of carbon-to-oxygen 
cleavage to give dimethylisopropylcarbinol: 

OH OH (CHsIjCHOH 

II —> -t- 

(CHalsC • • • C(CHs)2 (CHsIjCOHCHCCHj)* 

A sufficient accumulation of hydroxyl groups even without alkyl sub¬ 
stitution makes hydrogenolysis of carbon-to-carbon linkages possible. 
Sorbitol or mannitol at 250° over copper chromite gave a high yield of 
1 ,2-propylene glycol along with smaller yields of methanol and ethanol. 
Propylene glycol is also the major product in a rather complete hydro¬ 
genolysis of glucose, lactose, maltose, and sucrose. Less complete reac¬ 
tion of hydrogen with the sugars and alcohols gave larger yields of 
products not involving the breaking of carbon-to-carbon bonds. The 
probable weak bonds in sorbitol are indicated by dots in the formula. 

CHjOH 

i 

CHOH 

CH • • • OH 

I 

CH • • • OH 

I 

CHOH 

I 

CHjOH 

The relative effectiveness of groups in labilizing the hydrogenolysis 
of carbon-to-carbon linkages cannot be stated quantitatively. However, 
a study of the data available from several investigations indicates that 
among the common radicals the order of increasing effectiveness is 
meth 3 d, ethyl, benzyl, isopropyl, t-butyl, phenyl, mesityl, hydroxyl, 
carbonyl, carbinyl, and acyl. 


Hydrogenolysis of Esters to Alcohols ***• 

Many esters are reduced to alcohols by hydrogen over copper dirom- 
ite at 200° to 300° under 100 to 300 atmospheres of hydrogen. 

RCOjR' + 2H, -+ RCHsOH + R'OH 

Zwtman and Adkins, tWd., 65, 4659 (1933). 

**• Adkins and Folkera, ihid^ 68, 1005 (1931). 

Wilbur Lazier, U. 8. pat., 2,079,414, and others. 
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The reaction goes smoothly and almost quantitatively where R is a 
saturated, straight or branched or cyclic chain. The method is not 
applicable to esters where R carries a halogen or sulfur atom since these 
will react with hydrogen or deactivate the catalyst. If R is a phenyl or 
pyrrole nucleus the hydrogenation will proceed beyond the alcohol stage. 
For example, ethyl benzoate gives toluene. 

CaHsCOaCsHs + 3Hs -<■ C.HsCHj + CsHeOH + H,0 

However, if the aromatic nucleus is two carbon atoms distant from 
the carbalkoxy group it is without effect upon the hydrogenation. For 
example, ethyl /3-phenylpropionate is smoothly converted to 3-phenyl- 
propanol-l. Ethyl a-phenylacetate gives both types of reaction, i.e., 
phenylethyl alcohol and ethylbenzene. 

If R contains an alkene linkage or aldehyde or ketone group these 
groups will be saturated by hydrogen before the conditions necessary 
for the hydrogenation of a carbalkoxy group are reached. For example, 
ethyl oleate upon hydrogenation over copper chromite gives octadecyl 
alcohol. 

CH,(CHj)7CH=CH(CH,)TCOaCjH» + 3H, - CH.(CH,)„CHjOH + CjIhOH 

If zinc chromite is used as a catalyst at 300® to 325° reaction occurs 
preferentially at the carbalkoxy group, but the oleyl alcohol, 

CH,(CHj)7CH=CH(CH2)7CH20H 

so prepared is contaminated with octadecyl alcohol. 

A pyridinoid ring in R will also be hydrogenated before the carb¬ 
alkoxy group is converted to a carbinol, so that the product will be an 
alcohol derived from piperidine rather than from pyridine. The piperi¬ 
dine obtained will usually be alkylated on the nitrogen atom, under 
these conditions. 

If nitrogen or oxygen atoms are in the /3-position with respect to the 
carbalkoxy group, cleavage (hydrogenolysis) may occur. For example, 
acetoacetic ester gives a mixture of 1- and 2- butanol: 

. CH,CH0HCH2CH, 

CHsCOCHjCOsCjHs < 

^ CHjCHjCHjCHaOH 

Malonic ester pves propanol-1 rather than trimethylene glycol. If the 
carbon atom between the carbons carrying oxygen is substituted, as in 
the ethyl ester of diethylmaJonic acid, then hydrogenolysis of a carb- 
ethcBryl group tak^ place. There are formed in this instance 2-ethyl- 
butanohl and ethyl and methyl alcohol. 

{C:^[»)>C(C02C*H.)* (C*H»),CHCH*OH + C,H*OH + CH,OH 



CATALYTIC HYDROGENATION AND HYDROGENOLYSIS 829 


A nitrogen atom is similar to oxygen in labilizing a carbon-to-oxygen 
bond for cleavage. For example, jS-piperidinopropionic ester goes to 
N-n-propylpiperidine; 

CsHiiNCHjCHjCOjCjHs -+ CsHuNCHaCHsCHa + CaHsOH + HjO 

Oxygen or nitrogen in either the a~ or 7 -position with respect to a 
carbalkoxy group is less efiFective in labilizing cleavage than if they 
were in the jS-position, for a- and 7 -hydroxy esters may be converted to 
the corresponding glycols in good yields. Though it is impossible to 
prepare a glycol from a malonic ester by catalytic hydrogenation, the 
succinic esters go well into 1,4-glycols. 

(CHjIjCCOjCjHs)* (CH2)2(CH20H)2 

If the hydrogenation is not carried out rather rapidly with a good catalyst 
and a suflSciently high pressure of hydrogen, products other than glycol 
may be produced in considerable amounts, i.e., ethyl /3-hydroxy buty¬ 
rate, butyrolactone, butyric acid, and tetrahydrofiu-an. 

A substituted succinic ester, diethyl a-methylsuccinate, gave a 72 
per cent yield of the glycol, but the ester having an isopropyl group in 
the a-position gave over twice as much isohexyl alcohol as of the glycol 
corresponding to the succinate. 

COjCJI, 

(CH,)»CHiHCH,COjC,H. 

CHjOH 

(CHjIjCHCHjCHjCHjOH -I- CH,OH + (CH,),CH(!:HCH,CH,0H + C,H.OH 

The tendency toward hydrogcnolysis of a carbon-to-carbon chain 
with increase in branching of the chain is quite general, as noted else¬ 
where. 

The most important commercial application of the hydrogenation of 
esters to alcohols is the conversion of cocoanut oil and other glycerides 
to alcohols, useful in the manufacture of detergents. The steps in the 
process using glyceryl laurate as the ester, are as follows: 

(CiiH 28 C 02 )sC 3 H 6 -|- 6H2 —> 3CiiH3»CH20H -|- CjHs(OH)j 

CwHjsOH + Hi^ 04 CiiHasHSOi -h HjO 

C12H26HSO4 + NaOH ^ CwHssNaSOi + H2O 

The glycerol undergoes hydrogcnolysis to propylene glycol and propyl 
alcohol. 

The hydrogenation of eaters to alcohols in most instances goes 
smoothly and almost quantitatively. However, side reactions may 
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occur if the ester is impure, if the catalyst is improperly prepared, or if 
the pressure of hydrogen is too low. The copper in the catalyst may be 
reduced from the bivalent to the univalent state if water or adds are 
present in the mixture being hydrogenated. The deactivation of the 
catalyst under these circumstances is shown by a change in color from 
the black copper chromite to a reddish cuprous compound. 

The hydrogenation of esters is apparently a reversible process in the 
sense that the alcohols and glycols produced react to form esters. The 
concentration of the esters so produced is of the order of a few per cent 
at 250-260® under 100 atmospheres of hydrogen. At higher pressures, 
250-300 atmospheres, the concentration of esters at equilibrium is no 
more than 1 per cent. However, if the catalyst is deactivated before the 
completion of the reaction, very considerable amounts of ester may be 
present. 

These esters may result from the reaction of two moles of an aldehyde 
resulting from the partial hydrogenation of the ester. 

RCOjCjHi + Hi -♦ ECHO + CiHsOH 
2RCH0 RCOiCHjR 

As a matter of fact, esters so related to the starting ester are often foimd 
in the reaction mixture. Such an ester might result from alcoholysis 
according to the reactions 

RCOiCiHi + 2 H 2 — RCHjOH + CsH^OH 
RCOjCjHs -I- RCHiOH ->• RCOjCHiR + CjHsOH 

But the amounts sometimes found point to the validity of the mecha/- 
nism involving the aldehyde. An active catalyst will, of course, catalyze 
the hydrc^enation of the ester RCO 2 CH 2 R to two moles of RCH 2 OH. 

Levene found that certain hydroxy esters and amino esters could 
be hydrogenated over copper chromite at a relatively low temperature 
(175“). Equal amounts of catalyst and of the ester in methanol were 
used. These reductions depend upon large ratios of catalyst which 
make possible the use of a lower temperature at which hydrogenolysis 
of the desired reduction product does not take place to any considerable 
extent. Levene and his associates ’** were also successful in reducing the 
ethyl esters of leucine and phenylairdno acetic acid to the corresponding 
amino alcohols wilh Raney nickel at 40° to 70° in 9 to 18 hours. The 
yields were 40 per cent of (CH 8 ) 2 CHCH 2 CHNH 2 CHaOH wxd 60 per 
jjen^of CflHaCHNHaCHaOH. 

Meyer, and Kow, J. Biol. Chem., US, 70S (1988). 
ni Ovaldmian, Kuna, and liOTene, J, Atn. Chtm. 8oe., U, 878 (1040). 
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The lowest temperature at which the hydrogenation of an ester 
has been reported over copper chromite is 125° for ethyl benzilate, 
(C6H5)2C0HC02C2H6. It seems probable that this ester exists in a 
tautomeric form 

(C,H6)jC-C—OH 

I 

OC 2 H 6 


Since this is the hemiacetal of an oxido ketone, its easy hydrogenation is 
understandable. 


Hydrogeoolysis of Amides to Amines 


The reduction of an amide may lead to an amine or an alcohol, de¬ 
pending upon whether cleavage occurs at the oxygen or at the nitrogen- 
to-carbon linkage. 


RC—NHj 


< 


RCHjNHj -i- H 2 O 
RCHjOH -i- NH» 


(o) 

Q>) 


Reduction of an amide with sodium and an alcohol gives alcohols; 
catalytic hydrogenation over copper chromite gives the amine in most 
instances. It is possible that even in catalytic hydrogenation the alcohol 
is first formed and then reacts with the ammonia to give an amine and 
w'ater. There are no experiments which show conclusively the course of 
the reaction in catalytic hydrogenation, although unquestionably the 
alcohol is sometimes the major product. For instance, the amide of 
phenylpropionamide was converted in lugh yield to 3-phenylpropanol-l. 


C.HsCHsCHzC—NHz + 2Hs 


CuCr^04 

-> 

260 ® 


C.HsCHsCHzCHsOH -|- NH, 


The yields of primary amines by the hydrogenation of unsubstituted 
amides are seldom above 50 per cent, because the temperature of hydro¬ 
genation is so high (250-260°) that the first-formed primary amine 
reacts with itself to form a secondary amine. For example, lauramide 
gave almost equal yields of dodecyl- and didodecylamine. 

CnHjsCONHs -|- 2Hs —* CuHjbNHj -h H 2 O 

2CijHi6NHj —► (CuHjbIjNH -f- NHt 

The hydrogenation of monosubstituted amides usuidly takes place 
smoothly. For example, N-cyclohexyllauramide and N-i^enethyl- 

Wojoik and Adkins, ibid., M, 2419 (1934). 



832 


ORGANIC CHEMISTRY 


heptamide gave the corresponding cycloheocyldodecylamine and heptyl 
phenethylamines in yields of the order of 60 per cent after hydrogenation 
for less than twenty minutes at 250°. 

N-Acylpiperidines are converted in good yields to the corresponding 
alkylpiperidines. 



RCHiN 


t 


V 


The N-acylpiperidines carrying a hydroxyl group in the a-, /3-, y-, or 
5-position in the acyl group have been converted in 50 to 80 per cent 
yields to the corresponding amino alcohols. 

/> 

C.HioNCCHiCHsCHsCHOHCHs CbHioN(CHs) 4 CHOHCHj 4- HjO 

Raney nickel catalyzed the same reaction, but the yields of amino 
alcohols were not so good. However, nickel is useful for converting a /3- 
hydroxyamide to an amide. 

C6HioNCCH2CHOHCH, -♦ CbHioNCCHzCHiCH, + H^O 

Copper chromite catalyzes the same transformation, but the amido group 
is also hydrogenated so that the product is C 8 HioN(CH 2 ) 3 CH 3 . More 
highly substituted amides, such as the amide derived from mucic acid 
and piperidine, give many different products as the result of hydrogenar 
tion and hydrogenolysis. 

The di-N-pentamethylene amide of jS-methylglutaric acid was readily 
hydrogenated in 70 per cent yield to the diamine. 

CONCbHio CHjNCbHio 

I 1 

CHj CHj 

inCH, CHCHi 

1 i 

CH, CH, 

I I 

CONCtHio CHiNCiHio 

Hovever, the monosubstituted amides glutaiio add yield N-eub- 
stahhted piperidines, the imide and a cyclic amide probably being inter* 
modbate steps.'** 
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CONHCsHii 

CH, 

I 

C(CH,)* 

CHs 

I 

CONHCbHii 

Amide 


CH, CH, 

X 

CH, CHs 

0==C C=0 

\n/ 

I 

CsHii 

Imide 


CH, CH, 

X 

CH, 


CH, 


H,C C=0 

\n/ 

I 

CsHu 
Cyclic amide 


CH, CH, 

)< 

CH, CH, 

I ) 

H,C CH, 

\^/ 

I 

CsHu 

Piperidine 


The yields of the piperidine from the amide, imide, or cyclic amide are 
good over copper chromite. Raney nickel proved to be a useful catalyst 
for converting the imide to the cyclic amide. 

Amides of succinic acid may be converted to pyrrolidines by hydro¬ 
genation over copper chromite while succinimides over Raney nickel 
may be hydrogenated to cyclic amides. Amides of adipic acid may be 
converted to hexahydroazepines. 


(CHiitfCONHCtHii), —» (CH,)eNC6Hii 


Hydiogeaolysis of Organometallic Compounds 

Gilman, Jacoby, and Ludeman ‘^“showed that the phenyl derivatives 
of calcium, lithium, sodium, potassium, rubidium, and cesium under¬ 
went hydrogenolysis without an added catalyst. The reaction was of 
the type CbHjK -f- H, —> CgHe -(- KH and took place at room tempera¬ 
ture witliin 10 to 110 minutes under a pressure of 1 to 2 atmospheres 
of hydrogen. Several alkyl and aryl lithium compounds underwent 
hydrogenolysis under these same conditions. Earlier work had shown 
that the triphenyl derivatives of phosphorus, arsenic, antimony, and 
bismuth were cleaved by hjdrogen at 60 atmospheres at 225° to 350°.*** 
Compounds of the type (C 6 H 5 ) 3 Sb, (C 6 H 5 ) 4 Pb, (C 4 H 9 ) 2 Zn, and 
(C 6 H 6 ) 2 Mg underwent hydrogenolysis over a nickel catalyst at 160° 
to 200° under 125 atmospheres of hydrogen.**® 
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L INTRODUCTION 

This chapter will be limited to the consideration of organic compoimds 
in which the most prominent chemical properties are due to a fimctional 
group containing sulfur. Probably the most important sulfur com¬ 
poimds excluded by this limitation are heterocycles, in which the chemi¬ 
cal behavior is modified by the influence of sulfur upon the rest of the 
molecule but usually is not chiefly dependent upon the presence of 
sulfur. 

The names of the types of sulfur compounds to be considered and 
the structures of their parent substances are listed in Table I. Some 
of these structures are not universally accepted or represent compounds 
which are hypothetical but of which derivatives are known. These will 
be discussed in the sections devoted to the appropriate series. 


TABLE I 

Compounds with Functional Groups Containino Sulpuh 


Names 

Formulas 

* 

Names 

Formulas * 

Sulfhydryl com^unds (mer- 
captans and tniophenols) 

Sulfides 

R—8—H 

R—S-R 


Thiolsulfonic acids t 

0 

R—SH 

i 

Disulfides 

R—S——S—R 


o 

Polysulfides t 

R(S)„R 
(» = 3, 4, 5) 

Sulfinic acids f 

R—OH 


[aXa] 

0 

+ 

Sulfenic acids f 

R—S—OH 

Sulfonium salts 

X- 

Thioaldehydes 

s 

R—<ii-H 

Sulfoxides 

R—R 

Q 


Thioketones 

s 

R——R 

SulfoneB 

R—^—R 

i 


Thioadds 

Thiol adds f 

0 

R——SH 


0 

R—^—OP 


Thion adds f 

s 

rJi-oh 

Sulfonic acids 



s 


i 


Dithio adds 

_SH 






* The moal oonveotioiu (p. 1829) ere followed in designating nonnal and oofirdinato eovalsBt linln. 
t The struotures of these compounds are ooniidered in more dstail in the disoiiMiaa the avpr<^- 


ate series. 
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Since oxygen and sulfur are in the same group of the periodic table, 
similarities in the behavior of their organic derivatives might be ex¬ 
pected. The differences between sulfur and oxygen compounds can 
usually be attributed to one of the following: (1) The sulfur kernel hsis 
one more electron layer than the oxygen kernel. Therefore, the former 
has the smaller effective nuclear charge (smaller inductive effect) and 
the greater electron mobility (p. 1842). (2) In some cases the fact that 
the sulfur compounds have higher molecular weights than their oxygen 
analogs is the chief factor responsible for differences in physical proper¬ 
ties. (3) Whereas oxygen is unable to expand its valence shell (p. 1837) 
there are some indications (pp. 1839, 879-882) that sulfur may do so; 
therefore oxygen and sulfur analogs may react by different mechanisms. 

In considering the functional reactions of sulfur compounds it is 
usually true that the reactions of one series are methods of preparation 
for other series. It has not seemed logical to discuss subjects consistently 
in the latest possible location, since this would frequently emphasize 
reactions from their less important aspect. The arrangement of the 
naaterial is therefore arbitrary, but sufficient cross references will make 
the discussion of each series complete in itself. 

The differences in the reactions of the alkyl and aryl derivatives arc 
less in the sulfur than in the oxygen series. In general, therefore, it will 
not be necessary to discuss separately compounds in which sulfur is 
attached to aromatic and aliphatic groups. However, in reactions of 
a givai sulfur function with aliphatic and aromatic compounds, the 
usual differences in reactivity are observed and may require separate 
consideration; for example, the methods for the introduction of the 
—SR group into an aliphatic chain will be different from those for its 
introduction into an aromatic nucleus. In the equations accompanying 
the discussion the symbol R will be used to include both aliphatic and 
aromatic radicals unless otherwise noted. When reactions are limited 
to aromatic compoimds the radicals will be abbreviated as Ar. 

In discussing the various series of sulfur compounds the prraentation 
will be generalized. Specific compounds will be mentioned only when 
it is necessary for the sake of illustration, when the compounds are es¬ 
pecially important, or when the reactions outlined may not be general. 
Folyfunctional compounds will be mentioned only when they differ 
markedly from what might be expected from a knowledge of the mono- 
frmctional types. Although some attention will be given to structure 
and physicfd properties, the chief emphasis will be upon methods of 
preparation and reactions of Ihe various series. 
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n. SULFHYDRYL COMPOUNDS' 

General Characteristics 

Occurrence. Mercaptans are present in petroleum distillates. Al¬ 
though they constitute a small percentage of the distillate, the large 
amount of petroleum refined makes the mercaptans the most readily 
available of the organic sulfur compounds. The amount of mercaptans 
which could be obtained from this source is of the order of hundreds of 
tons daily * in the United States alone. Unfortunately, there are no 
uses so extensive as to require mercaptans in this quantity; as a result 
those not removed by extraction with alkali are converted to disulfides, 
which are allowed to remain in the petroleum product. However, large 
amounts of a mercaptan mixture, containing mostly ethyl mercaptan 
with considerable amounts of methyl mercaptan and higher mercaptans, 
are available from the refining of gasoline. 

Methyl mercaptan is a product of the anaerobic bacterial decompo¬ 
sition of gelatin and albumin. It is partly responsible for the odor of 
feces ® and is present in urine ® after asparagus has been eaten. Butyl 
mercaptan is present in the defensive secretion of the skunk.* 

Odor. The offensive odor of the low-molecular-weight mercaptans is 
probably the most notorious characteristic of organic sulfur compounds. 
It has been estimated ® that 0.000,000,002 mg. (one part in fifty billion) 
of ethyl mercaptan in air may be detected by odor. The unpleasantness 
and intensity of the mercaptan odors decrease with an increase in the 
carbon chain; n-decyl and lauryl mercaptans have no more odor than 
the corresponding alcohols. The odors of thiophenols of low molecular 
weight are also unpleasant, but the higher members of the series are 
less disagreeable. 

Toxicity. Care should be used in handling mercaptans and thio¬ 
phenols. Direct contact with thiophenols may produce an irritation * 
of the skin similar to that of ivy poisoning. Mercaptans produce various 
symptoms ’ such as drooping of the lids, increased sensitivity of the eyes 
to light, giddiness, headache, or severe irritations of the skin. 

• Malisoff, Marks, and Hess, Chem. Rev., 7, 493 (1930). This paper, “A. Study of Mot- 
captan Chemistry,” covers more than 60 pages and includes more than 6(X) lefereneoa, 

> Nencki and Sieber, MonaUh., 10, 626 (1889); Nencki, Und., 10, 862 (1889); Ber„ S4, 
201 ( 1001 ). 

•Nencki, Ber., M, 612o (1892). 

• Beckmann, Pharm. ZentralhaUe, 87, 667 (1896). 

• Fischer and Penaoldt, Ann., SSO, 131 (1887). 

•Hofmann and Baumann, Ber., 10, 2251 (1887); Jacobsen, Ann., ITT, 220 (1893); 
Huebner and Mueller, Z. Chem., [2] 7, 14 (1871); Hunter, J. Chem. Soe., 1*7, 011 (1925) 

^ Weber, Ber., 88, 796 (1900); Grandjeen-Hirter, Chem. Zentr., II, 1181 (1016). 
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Solubility. Sulfhydryl compounds are usually less soluble in water 
than the corresponding hydroxyl compounds. Ethyl mercaptan, for 
example, is soluble to the extent of 1.5 g. in 100 oc. of water. Both 
mercaptans and thiophenols exhibit normal solubility in organic solvents. 

Boiling Points. The high-molecular-weight mercaptans have higher 
boiling points (Fig. 1) than the corresponding alcohols. However, in 



Fig. 1. —Number of carbon stoma in R (R •• C»H*n+i). Comparison of the boiling 
points of alcohols, mercaptans, and hydrocarbons. 

the lower members of the series the greater association of the alcohols 
causes them to have the higher boiling points, as might be expected by 
a comparison of the boiling points of hydrogen sulfide (b.p. — 61.8°) 
and water. In the case of the n-heptyl derivatives, association of the 
alcoh(d is enough to compensate for the higher atomic weight of sulfur 
in the mercaptan; the two analogs, therefore, have the same boiling 
point. Similarly, thiophenol has a lower boiling point than phenol, 
the thiocresols have about the same boiling points as the cresols, and 
higher thiophenols boii hi^er than the corresponding phenols. Verifi¬ 
cation of the opinio^, 4tiat the sulfhydryl group has less tendency than 
the hydroxyl l^undelgo association is found (a) in spectroscopic 
data * whi(^ tliat p-thiocresol is not polymerized in the solid state 
and (5) in stw£es * of heats of mixing which show that the weak donor 

*Qpidy and Stanford, /. Am. Chma. SOe., tt, 498 (1940). 

* Ottfiey, Marvel, and GinobnVi <SM., 91, 3101 (1939). 
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ability of sulfur is responsible for the failure of thiophenol to be asso¬ 
ciated. The latter studies also indicate that hydrogen of the sulfhy- 
dryl group may form bonds with donor oxygen or nitrogen in the case 
of thiophenol but not in the case of n-heptyl mercaptan. 


Preparation of Mercaptans 


Hydrolysis of S-Alkylisothiouronium Salts. AJkyl halidesand 
alkyl sulfates react readily with thiourea, giving isothiouronium salts. 
Addition of alkali liberates the free isothioureas, but these are not stable 
and decompose to give mercaptans (80-90 per cent) and polymers of 
cyanamide. Dihalides may be converted “ to dithioglycols by this 
method. 


RX + S 



R—S—C' 


/• 

\ 


.NH* 


NH; 


2j 


X- 


NaOH 

- 


RSH + NaX + HsO + (HtNCN), 


Alkyl chlorides react rather slowly “ and require a longer reflux period 
than the bromides and iodides. Isothiouronium salts may also be pre¬ 
pared directly from an alcohol (using dry hydrogen chloride) and 
thiourea. Isothiouronium salts make satisfactory derivatives for the 
identification of alkyl bromides and chlorides. S-Benzylisothiouronixun 
salts of organic acids are useful as derivatives for the identification of 
the acids. 

Action of Alkylating Agents on Metal Hydrosulfides. Mercaptans 
are prepared also by the reaction of alkyl halides with an alcoholic 
solution of sodium or potassium hydrosulfide. 

RX + KSH RSH + KX 

Other alkylating agents behave similarly; sodium ethyl sulfate was the 
alkylating agent in the first mercaptan synthesis. The hydrosulfide 
solution may be prepared by saturating alcoholic alkali with hydrogen 
sulfide; in this case potassium hydroxide is generally used because po- 

(o) Ronshaw and Searla, J. Am. Chem. Soc., B9, 2057 (1937); (b) Olin and Dains, 
ibid., Bl, 3322 (1930) ; (c) v. Braun. Ber., «a. 45«8 (1909). 

Urquhart, Gates, and Connor, Org. Syntheses, SI, 30 (1941). 

Arndt, Milde, and Eckert, Ber., M, 2236 (1921). 

Jolinson and Sprague, J. Am. Chem. Soc., 58, 1348 (1936). 

Brown and Campbell, J. Chem, Soc., 1699 (1937). 

Donleavy, J, Am. Chem. Soc., 58, 1004 (1936). 

(a) Fore and Boat, ibid., 59, 2557 (1937) ; (5) EUis and Reid, ibid., M, 1686 (1932) 
(o) Hofmann and Cahours, J. Chem. Soc., 10, 320 (1858). 

” Zeise, Ann., 11, 1 (1834); liebig, Ann., U, 14 (1834). 
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taaaiu m sulfide is more soluble than sodium sulfide in alcohol. Under 
some conditions (for example, when a secondary halide is used) the 
complete absence of water is desirable, and better results are obtained 
by treating absolute alcoholic solutions of the alkoxid^ with hydrogen 
sulfide. 

Since the mercaptans react with alkali to give mercaptides which 
may react with alkylating agents (p. 854), alkyl sulfides are by-products 
in the preparation of mercaptans by this method. 

py 

RSH + KSH -» H,S -I- RSK —^ KX H- RSR 

This side reaction may be minimized by maintaining an excess of hydro¬ 
gen sulfide, either by carrying out the reaction under pressure or by 
passing in hydrogen sulfide during the reaction. 

Catalytic Alkylation of Hydrogen Sulfide. Passage of an alcohol and 
hydrogen sulfide over thoria at elevated temperatures produces the mer¬ 
captan. 

ROH -I- HjS RSH -t- HsO 

The reaction is not complete; about 60 per cent of n-butyl mercaptan is 
produced ** by one passage of 7i-butyl alcohol and hydrogen sulfide over 
the catalyst. This method was used in a small plant for the production 
of Ti-butyl mercaptan, which was under consideration as a camouflage 
gas (1917-1918). 

Addition of Hydrogen Sulfide to Olefins. The addition of hydrogen 
sulfide to olefins does not occur readily and requires high pressures and 
temperatures. The products are those expected from Markownikoff's 
rule ("normal addition,” p. 638). 

SH 

100-300° I 

CHr-C=CH, + HjS --^ CHs-C—CH, 

I Clay oatalyvt i 

I proMure { 

CH, CH, 


It appears “ that unsaturated terpenes react with hydrogen sulfide more 
readily than do simple olefins. 

Various catalysts for this reaction have been used, including clay,* 
metallic sulfides,^ sulfur.® Since mercaptans may add to olefins 

^ Kramer and Roid, /. Am. Chtm. Soc., 43, 880 (1021). 

** Borglin and Ott, U. S. pat. 2,062,210 IC. A., 80 , 7089 (1936)1; U. S. pat. 2.076,875 
{C. A., 81, 4017 (1937)], 

» Reuter and Gaua, U. 8. pat. 3,101,006 [0. A.. 8t, 064 (1038)]. 

« Waiiame and Allen, tJ. 8. pat. 2,063,268 (C. A.. 90. 7122 (1936)1. 
t’JS^nes and Keid, J. Am. CAem. /See., M. 2462 (1938). 
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(p. 850), sulfides are by-products of the reaction. Disulfides and paraffin 
hydrocarbons are other by-products.**^ 

Reduction of Disulfides. Disulfides undergo reductive cleavage with 
potassium sulfide,®* zinc and acetic acid,®* or metallic sodium.*® 

4. KjSj -f 2IISK 

2RSH 

-> 2RSNa 

Since the disulfides are generally no more readily available than the 
mercaptans, this method is of limited usefulnass. However, cleavage of 
disulfides with sodium may be used *® advantageously to prepare sodium 
mercaptides, in this way avoiding the isolation of mercaptans. 

Hydrolysis of Thioesters. Reactive halogen compounds form, with 
potassium ethyl xanthate, S-alkyl ethyl xanthates which may be hydro¬ 
lyzed to mercaptans.*® 

S S 

RX + KSCOCjHs R—S—C—OCisHs RSH + CsHjOH + COS 

While the salt of any thioacid might be used in this reaction, the xan¬ 
thates are the most readily available compounds of this type and are 
almost alwa 3 's employed in laboratory practice. Sodium thiosulfate 
may also be used ** (p. 862) but reacts more slowly and requires care to 
avoid the formation of disulfides. 

RX + NasSaOs -> RSSOsNa RSH + NaHS 04 

Miscellaneous Methods. Aliphatic suKonyl chlorides are reduced 
to mercaptans by the methods used for the preparation of thiophenols 
(p. 844); this is not useful for the preparation of mercaptans since they 
are more readily available than the aliphatic sulfonyl chlorides. Mer¬ 
captans are formed, along with sulfides and polysulfides, by the action 
of sulfur on the Grignard reagent (p. 507). Mercaptans are produced 

*• Otto and BSasing, Ber,, 19, 3129 (1886). 

•* Noller and Gordon, J. Am. Chem. Soc., 95, 1090 (1933). 

*' Stutz and Shriner, ibid., SS, 1242 (1933). 

** Debus, Ann., 7S, 1 (1849); Ann., 7#, 121 (1850); Stdomon, J. prakt. Chem., [2] 6, 433 
(1873); Leuekart, ibut, (2] 41. 179 (1890); Billman, Ann., 399, 3S1 (1005); Mauthner, 
Ber., 39 , 1847 (1906); TschugaeS and GasteS, Ber., U, 4631 (1900); ffiaoka and J&s, Ber., 
41 , 3362 (1909); ZiniAe and Dahm, Ber., 43 , 3467 (1912). 

»Otto utd Troecer, Ber., 36, 996 (1893). 


R—S—S—R 


H, 


(Zn + CHaCOOH) 
Na 
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wfaeo i&ulfides are used for the dehydrogenation of cyoloparaffins 
863). Though {Jcohols may be converted directly to mercaptans by 
means of phosphorus pentasulfide,‘‘ this is not a useful preparative 
method. Ethyl iodide gives ethyl mercaptan ® with- aqueous hydrogen 
sulfide, even in the presence of acid. /S-Hydroxymercaptans,” /3-amino- 
mercaptans,*^ a-aminomercaptana,*® and /S-ketomercaptans *• are ob¬ 
tained by the special methods summarized in the following equations. 

CH^Hi -h HjS HOCHjCH.SH 

\/ 

O 

CHr-CH, + HiS HjNCHjCHjSH 

\/ 

N 

H 

RjNCHjOH -I- HtS RjNCHiSH -I- HjO 

C«H»CH=CHC0C«H5 -i- C»H(CHCH2C0C«H6 

1 

SH 


Preparation of Thiophenols 

Reduction of Sulfonyl Chlorides. The reduction of an aromatic sul- 
fonyl chloride with zinc and aqueous acid or with stannous chloride 
is the most common method for the preparation of thiophenols. The 
yields are generally high (above 90 per cent), and the method is satis¬ 
factory unless nitro or other readily reducible groups are present. 


ArSO,a + 3H, > ArSH + 2HjO -|- HO 

HCi 

From Diazonium Salts. The reaction ** of cold solutions of a diazo- 
nium salt and potasaum ethyl xanthate forms a diazonium xanthate 

*» Pidiehimuku, J. Rtun. Phy». CKem. Soc., M, 11 (1926) [C. A., 1», 2808 (1926)]. 

** Brown nnd Snyder, J. Am. Chem. Soc., 48, 1926 (1926). 

** Kenitzescu and Bcwlotesou, Ber., 88, 687 (1036). 

Mills and Bogert, J. Am. Chtm. Soc., 81 , 1073 (1940). 

" Bins and Penoe. ibid., «1, 8134 (1939). 

** Fromm, Haas, and Hubra^ Ann., 384 , 290 (1912); Nioolet, J. Am. Chtm. Soc., 87, 
1098 (1936). 

** («) Adams and Marvel, Org. Syndittet, CoU. Vol. I, 490 (1932); Vogt, Arm., 118 , 142 
(1861): (b) Bogert and Bartlett, /. Am. Chtm. Soc., 88,4046 (1931); Suter and Sorutohadd, 
ibid., 88, 64 (1936). 

Lwdkhardt, Ber., tl, 916 (1888). 
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which, upon wanning, fonns an S-aryl ethyl xanthate. Alkaline hydrol¬ 
ysis “ of the last gives a thiophenol. 

s s s 

II II . II 

ArNj+X- + KSCOCjHs ^ ArN=N—S-C—OCjHs -+ ArSCOCjHt + N* 

|HOH 

ArSH + COS -i- Cja*OH 

The reaction is generally mild but occasionally explosions occur ** when 
the xanthate and diazonium solutions are mixed. 

S-Arylisothiouronium salts may be prepared ” by the reaction of 
diazonium salts with thiourea; these are converted by alkaline hydroly¬ 
sis to thiophenols. 

/NH, r ^nh 2 -i+ 

ArNs+X- + S=C< Ar8C< X'—^ 

^NH, L ^NH2_ 

ArSH + (HsNCN)^ + NaX + HjO 

Similar results may be obtained *’ if thiourea is replaced by diphenyl- 
thiourea or 1,4-diphenylthiosemicarbazide. 

Small yields of thiophenols have been obtained, along with sulfides 
and disulfides, by the reaction of diazonium salts with hydrogen sul¬ 
fide, sodium sulfide, and sodium thiosulfate. 

Other Methods, Thiophenols have been obtained in poor yields by 
the reaction of phenols with phosphorus pentasulfide *• and by the re¬ 
action of aromatic compounds with sulfur in the presence of aluminum 
chloride.^ Thiophenols are formed, along with sulfides and disulfides, 
by the action of sulfur on the Grignard reagent (p. 508). Aryl halides in 
which the halogen is activated by the presence of other substituents re¬ 
act with thiourea according to the scheme described earlier (p. 841) for 
alkyl halides; for example, 2-chloro-5-nitropyridine may be converted 
to 2-mercapto-5-nitropyridine.^ The reductive cleavage of disulfides 
(p. 843) is common to both aromatic and aliphatic derivatives. The hy¬ 
drolysis of thiourethanes ^ produces thiophenols. Sulfhydryl com¬ 
pounds are formed by the reduction of thiolsulfonic esters (p. 909). 

** Hantzsch and Freese, Ber., 18, 8240 (1895). 

« Busch and Schulz, J. prakl. Chem., 180, 173 (1938). 

M Oriess, Ann.. 137, 74 (1866); CJraebe and Mann. Ber., 15, 1683 (1882); Stadler, Ber., 
17, 2078 (1884); Klason, Ber., SO, 349 (1887); Tassinari, Ber., S5, 908o (1892). 

•» Flesoh, B«r., 6,478 (1873); Fittica, Ann.. 178, 303 (1874). 

** Friedel and Crafts, Ann. chim. phvi., [6] 14, 438 (1888); GQass and R^d, J. Am. 
Chem. Soc., 61, 3428 (1920). 

^ Surrey and lindwall, J. Am. Chem. Soc., 68, 1607 (1040). 

" V. Braun. Ber., tt, 4568 (1900). 
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Reactions of Mercaptans and Thiophenols 

With AlkalL Sulfhydryl compounds are coiusiderably more acidic 
than the corresponding hydroxyl compounds and, as would be expected 
by analogy with their oxygen analogs, thiophenols are more addic than 
mercaptans. 

Low-molecular-weight mercaptans and thiophenols dissolve in 
aqueous alkali with the formation of extensively hydrolyzed mercap- 
tides. 

RSH + NaOH R8Na + H,0 

However, sodium methyl mercaptide may be isolated from aqueous 
solution," and the sodium salts of some high-molecular-weight thio¬ 
phenols are quite insoluble. Mercaptans of high molecular weight are so 
insoluble in water that the above equilibrium is shifted to the left and 
these mercaptans are therefore insoluble in aqueous alkali." 

In refining gasoline, the removal of mercaptans is based on their 
solubility in alkali. The naphtha is washed with alkali, removing most 
of the mercaptans of low molecular weight. The solubility of mercaptans 
in hydrocarbons, however, shifts the mercaptan-mercaptide equilibrium 
and some mercaptans, especially those of high molecular weight, remain 
in the hydrocarbon layer. The method is improved by the addition " 
of substances such as sodium isobutyrate which increase the solubility 
of mererq^tans in the aqueous layer. Steam distillation of the aqueous 
mercaptide solution removes the mercaptans, and the alkaline solution 
remaining may be used again for the treatment of naphtha." 

The sodium mercaptides are useful for the synthesis of sulfides 
(p. 854). Alcoholic alkali may be used for the preparation of mercap¬ 
tides from mercaptans which are insoluble in aqueous alkali. In reac¬ 
tions which require anhydrous conditions the mercaptides are prepared 
by the reaction of mercaptans with sodium alkoxides. 

RSH + RONa RSNa -|- ROH 

Salts of Heavy Metals. The reaction of a mercaptan or thio- 
phenol with an aqueous solution of the salt of a heavy metal gives a 
highly insoluble mercaptide. Mercury, lead, zinc, and copper mercap¬ 
tides have probid)ly been the most widely studied " of compounds of 

" FUUip« and Ctatto. J. Am. Chem, Soe., 4S, 1766 (1923). 

Yabroff, Ind. Chem,, a, 267 (1940). 

** Yabnrff, BOTkfdw and WWte, IT. 8. pat. 2,149,379 IC. A., SS, 4412 (1939)1; U. 8. pat, 
3449,380 [C. A., IS, 4412 (1938)]; Yatevfi and White, Ind. Bnt. Chem., IS, 960 (1940). 

"Birch and Nonie, J. Chem. Soc., 137 , 898 (1926). 

" Wertheim, J. Am. Chem. Soe., M, 3661 (1929); Saefaa, SohhMinger, and Antoine 
154 (1928); Bertram, Ber., H, 63 (1892); Khuon. Bar., M, 3412 (1887). 



ORGANIC SULFUR COMPOUNDS 


847 


this t 3 T)e, but many others (silver, gold, platinum, palladiiun, iridium, 
nickel, iron, cobalt, tin, and cadmium mercaptides) have been prepared." 

2RSH + (CHjCOOljPb Pb(SR)2 + 2CH,COOH 

Yellow 


The mercaptides are covalent compounds, insoluble in water and 
soluble in organic solvents. Some of them are so readily formed* and 
so insoluble in water that they are precipitated even when a strong acid 
is the other product (e.g., the reaction of a mercaptan with silver ni¬ 
trate). However, in order to insure complete precipitation of the mer- 
captide, the acid is neutralized or the reaction carried out with the 
metallic salt of a weak acid (mercuric cyanide, mercuric oxide, lead 
acetate, etc.). When pol 3 rvalent metals are used, the intermediate ex¬ 
pected from the stepwise reaction of the mercaptan with the salt may 
sometimes be obtained. For example, alkylmercaptomercuric chlorides 
may be obtained from the reaction of mercaptans with mercuric chlo¬ 
ride in alcohol solution."’ “ 


RSH + HgClj ——> RSHgCl + HCl 

Aicobol 


The lead mercaptides from the higher mercaptans are soluble in 
gasoline “ but are converted by atmt^pheric oxygen to insoluble per- 
oxides.“ The mercaptides of heavy metals may be used in metathetical 
reactions in the same way as the sodium mercaptides. The mercury and 
lead mercaptides differ in their behavior upon pyroly^; the former give 
disulfides and the latter sulfides." 

(RSliHg A RSSR + Hg 
(RSliPb 4 RSR + PbS 


An unsymmetricaJ mercury mercaptide, “merthiolate,” is used as 
a germicide. 

SHgCjHs 


Manohot and Davidson, Bcr., SS, 684 (1929); Wuyts and Vangindertaden, Butt. son. 
chim. Belg.. SO. 323 (1921) [C. A., 16, 3077 (1922)]; Ray, J. CAem. Soc., IIB. 871 (1919); 
Md., Its, 133 (1923); Hennann, Ber., 38. 2813 (1905); Klason, J. prakt. Chrnn., [2] «T, 
1 (1903); Hofmann and Babe, Z. anorg. Chem,, 14, 293 (1897); WiUgeiodt, Ber., 18, 331 
(1885). 

* The name “mercaptan" results from the ready reaction of this series with mercury 
salts (“corpus morcurius captans”). 

*• Debus, Ann., 73, 18 (1939); Gerlioh, Ann., 178, 88 (187S); Ray, J, Chem, Soc., 118, 
871 (1919). 

•• Rawlinss, J. Chem. Soc., 868 (1937); Frederick and Challenger, iWd., 1872 (1938). 

“ Fore and Boat, /. Am. Chem. Soc., 68, 2557 (1937). 

"Ott and Reid, Ind. Eng. Chem., 33 , 884 (1930). 

“Otto, Ber., 13, 1289 (1880). 
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Witb Carboxylic Adda. The reaction ** of mercaptana and thio> 
phenols witil carboxylic acids other than formic acid is analogous to the 
esterification of alcohols. Assuming that the mercaptans, like the alco¬ 
hols," react initially by addition to the double bond of the carboxyl 
group, it is understandable that the products are thiolesters and water, 
rather than esters and hydrogen sulfide. 



4- R'SH 




+ H,0 


^ OH 

I 

R—C-OH 

i 

SR' 


The reaction is reversible and the equilibrium unfavorable for the for¬ 
mation of thiolesters in good yields. For example, in the reaction of 
ethyl mercaptan with benzoic acid the velocity constant (ki) of the 
esterification reaction is one thirty-second of that of the hydrolysis 
reaction (fcj). In this case, the equilibrium mixture from equimolar 
quantities of the reactants contains only 15 per cent ethyl thiolben- 
zoate." In the corresponding esterification with ethyl alcohol and ben¬ 
zoic acid, Jfci is about four times kj and at equilibrium about 67 per cent 
of the reactants have been converted to ethyl benzoate. It may be 
noted that the above mechanism agrees with the observation (p. 936) 
that thioacids react with alcohols to give esters and hydrogen sulfide. 

The primary mercaptans give approximately the same yields of 
thiolesters with the exception of methyl mercaptan, which gives slightly 
higher yields.*^ The difference in reactivity between primary and 
secondary mercaptans is similar to the difference between primary and 
secondary alcohols. 

The reaction of formic acid with mercaptans and thiophenols does 
not st(^ with the formation of a thiolformate; the products are trithio- 
orthofoamates." 


O 


O 


8R 


RSH + HCOH -» HiO + HC—SR 


2S8H 


HjO + HO—SR 

^R 


" Faber and Reid. J- Am. Chem. 8oe., 89, 1930 (1917). 

** Roberts and TJrey, Ond., 90, 3391 (1938); ibid., 61. 2384 (1939); Datta. Day. and 
Fngold. J. Chem. 8oe., 838 (1939); Hughes, Ingold, and Masterman, ibid., 840 (1939). 
»»Rid, Am. Chem. J., 46 , 489 (1910). 

and Reid, J. Am. Ch*m. 3oe., IT. 1934 (191A). 

»limbaU and Reid, ibid., 88 , 2787 (1910). 

<*n^bets, Ann., Sn. 131 (1907). 
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The carboxylic acid chlorides (but not sulfonyl chlorides [p. 907]) 
react normally with mercaptans and thiophenols, giving thiolesters 
(p. 932). 

With Aldehydes and Ketones. The reaction of sulfhydryl compoimds 
with the carbonyl group is analogous to the formation of acetals from 
alcohols but two important differences may be emphasized: (1) Sulf¬ 
hydryl compounds have a much greater reactivity than hydroxyl 
compounds in addition reactions. Although the phenols do not re¬ 
act with carbonyl compounds to form acetals or ketals and although 
alcohols seldom give ketals directly by reaction with ketones (p. 653), 
thiophenols and mercaptans react with both aldehydes and ketones. 
(2) The products obtained from sulfhydryl compounds are much more 
stable than acetals and ketals. Mercaptals and mercaptols are not 
readily hydrolyzed by acid and are stable toward alkali. 

/OH pog /SR 

>C=0-l-RSH-> >C< ——> >C< -|-H,0 

^SR ^SR 

The products obtained from aldehydes are known as mercaptals, and 
those from ketones as mercaptals. The initial product of the reaction is 
a hemimercaptal (or hemimercaptol) which reacts with another mole of 
sulfhydryl compound spontaneously or in the presence of a catalyst “ 
to give the mercaptal (or mercaptol). Hemimercaptols have been ob¬ 
tained from tlie quinones derived from the polynuclear aromatic 
hydrocarbons,from chloral, from alloxan,®* and from formaldehyde “ 
(monothiohemiformals). Monothioformals may be prepared “ from 
a-chloromethyl sulfides or ethers. 

RSH RSCHjCl RSCHjOR' ClCHjOR' R'OH 

HCl HCl 

Dimercaptols are formed by the reaction of mercaptans with both 
carbonyl groups of diacetyl, acetylaeetone and acetonylacetone, but in 
other 1,2 and 1,3-diketones only one carbonyl group reacts.” Mercap¬ 
tals and mercaptols may be prepared ” from aldehyde and ketone sugars 
by reaction with mercaptans in the presence of hydrochloric add. The 

•0 Baumann, Ber., 18, 884 (1885); 19, 2803 (1886) ; Poaner, Ber., M, 296 (1903) ; Ber. 
St, 1239 (1899); Autenrieth, Ann. 259. 365 (1890); Ber., S4, 166 (1891). 

Scbdnberg, Schutx, Arend, and Peter, Ber., 60, 2344 (1927). 

” d'Ouville, Myers, and Connor, J. Am. Chem. 8oc., 61, 2033 (1039). 

*' Levi, Gone. chim. Hal., 6S, 775 (1932). 

** Bolune, Ber., 69, 1610 (1936); Wenzel and Reid, J. Am. Cham, See., Ct, lOOO (1937). 

•• Posner, Ber., SS, 2983 (1900); Ber., 85, 503 (1002). 

” Fischer, Ber., 27, 673 (1884); Lawrence, Ber,, 29 , 647 (1800); Fandier, Helferi<^, and 
Ostman, Ber., 58, 873 (1920); Uyeda, BnU. Cham. See. Japan., 4, 264 (1929). 
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products are readily crystallized, not very soluble in water, and have 
been useful in sugar chemistry (p. 1575). 

With a:,/3-17nsaturated Ketones, Acids, and Esters. Mercaptans and 
tiiiophenols react ” with a,/3-un8aturated ketones, esters, and acids, giv¬ 
ing d-alkylthio derivatives (presumably by 1,4-addition). 

C,H*CH«-CHCOC,H» + RSH 

OH 

I 

C*HsCH—CH=C—C»Hs -> CeHsCHCHjCOCsH, 

I I 

SR SR 

In some cases the reaction occurs without a catalyst, in others piperidine 
or sodium ethoxide is necessary. The above reaction may be reversed 
by treatment with a base in the presence of lead acetate. 

2CjatCHCH,C0CdIs -I- PbCOCOCHj)* + 2NaOH 

I 

SR 

2Cdi6CH==CHCOC»Hs Pb(SR)a + 2CH3COONa 

With Olefins.™ Although hydrogen sulfide adds to olefins (p. 842) 
in accordance to Markownikoff’s rule (“normal addition”), most of the 
reactions reported for mercaptans and thiophenols occur in the manner 
contrary to this rule **■ ^ (“abnormal addition”). The apparent contra¬ 
dictions concerning the mode of addition which appear in the older 
literature are a result of an incomplete understanding of the factors in¬ 
fluencing the addition. Addition in the fashion opposite to that ex¬ 
pected from Markownikoff’s rule is catalyzed by peroxides,“■ ™ light,''* 
and phdephoric acid.” Ordinary samples of hydrocarbons and thio- 
phenols appear ” to contain enough peroxides to bring about this reac¬ 
tion. No addition occurs with carefully purified reagents;” in the pres¬ 
ence of sulfur ” (as ethyl tetrasulfide) or sulfuric acid ” (diluted with 
water or acetic acid) reaction occurs in accordemoe with Markownikoff’s 
rule. 

Nieolet, J. Am. Chem. Soe., 5S, 8066 (1931); Md., SI, 1008 (1035); Morgan and Fried- 
num, Bwhem. J., 88, 733 (1038). 

** For a more oomplete review of thia aubject, aea Mayo and Walling, Chem. Ret., ST, 
351 (1940). 

** Poaner, Bet., S8, 646 (1006); Aidiwortb and Burlchardt, J. Chem. Soe., 1701 (1028). 

n ^laraseb, Read, and Mayo, Chem. and Ind.. 762 (1038). 

n (Inothen, J. Am. Chem. Soe., M, 3006 (1933). 

7* Ipatieff, Pioea, and Fiiodmaa, tUd., 68, 2731 (1038): (b) IpatiaS and Friedman 
fMA, 71 (1030). 
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Peroxidee 


(CH 8 ) 2 C=CHCHa + RSH- 


> (CHa)jCH—CHCHs (90%) 
SR 
SR 


H,804 


-> (CH 3 ) 2 C—CH 2 CH 3 (70%) 


Addition to acetylenes will also occur,’* but there are indications” 
that it may not take place as readily as with olefins. 


CtHiC^H + RSH C«H 6 CH=CHSR 


With Nitriles. Imino thiolesters are formed by the reaction of mer- 
captans and thiophenols with nitriles ” in the presence of dry hydrogen 
chloride. 


RC^N + R'SH 


'^SR' 


Solid derivatives suitable for the identification of cyanides are obtained 
by the reaction of mercaptoacetic acid with cyanides.” 

With Oxidizing Agents. Compounds containing the sulfhydiyl group 
are readily oxidized to disulfides and, by strong oxidizing agents, to 
other products (pp. 862, 888, 907). 

2RSH + O RSSR + H*0 

Such varied reagents as halogens, hypohalites, nitric acid, concentrated 
sulfuric acid, potassium permanganate, potassium ferricyanide, sulfuryl 
chloride, ferric chloride, sodium polysulfide, “positive” halogen com¬ 
pounds (p. 854), sulfur dioxide, and atmospheric oxygen constitute a 
partial list of the substances which oxidize mercaptans and thiophenols. 
Oxidation by air occurs very readily, especially in alkaline solution. 
Though the oxidation of sulfhydryl compounds to disulfides will be <fis- 
cussed later (p. 861), it may be noted that the use of iodine as the oxidiz¬ 
ing agent for this reaction has been adapted to the quantitative deter¬ 
mination of these compounds.’* Elementary sulfur” also causes the 
oxidation of sulfhydryl compounds. 

"Kohler and Potter, did.. «7, ISI6 (1935); Fr. pat 777,427 fC. A., M, 4024 (1936)J: 
Ger. pat. 617,643 (C. A., 30, 733 (1936)]. 

’'Autenrieth and Bruniug, Ber., 30, 3464 (1903); Pinnw and Kirin, Ber., 11, 762 
(1878). 

" Condo, Hinkri, Faasero, and Shriner, J. Am. Chtm. Soc., SO, 230 (1987). 

’* Samper and Reid, (6td., 34, 3404 (1932). 

”Hrimber*. Ann.. SBS, 81 (1908). 
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“Sweetffliing” gasoline is a commercial application of mercaptan 
oxidation. Litharge is dissolved in alkali and the plumbite solution 
(“Doctor” solution) agitated with “sour” naphtha. This converts the 
mercaptans to soluble thioplumbites (RSPbONa) and to lead mercap- 
tides. The former are removed in the aqueous layer and the mercap- 
tides remain in solution in the hydrocarbon layer (p. 847). Treatment 
with sulfur converts the mercaptides to disulfides. 

(RS),Pb + S-* RSSR + PbS 

Lead sulfide is precipitated and the disulfides remain in solution. The 
presence of disulfides in gasoline is less objectionable than that of mer¬ 
captans because the mercaptans are more corrosive and have a more 
disagreeable odor. 

■^th Organometollic Compounds. The sulfhydryl group, one of the 
most reactive of the active hydrogen types (p. 499), will liberate a hydro¬ 
carbon from organometallic compounds, with the formation of a mer- 
captide. 

RSH + R'M -> RSM + R'H 

M ft mei&l 

Mercs^tans and thiophenols will react with triethylbismuth and tetra¬ 
ethyllead. These two organometallic compounds may give a limited 
reaction with strong carboxylic acids but do not react with =NH, 
—OH, —CsCH, —N=N—, or —NOj groups and they may therefore 
be used for the detection and determination of sulfhydryl groups.’* 

Other Reactions. The identification of mercaptans by reaction of 
their sodium salts with sodium a-anthraquinonesulfonate (p. 895), the 
reaction of mercaptans with sulfonyl halides (p. 907), with ethylene oxide 
(p. 867), with formaldehyde and amines (p. 857), with anhydrides and 
acyl hidides (p. 932), and with halogens (pp. 920 and 889) are mentioned 
in other parts of this chapter. Primary and secondary mercaptans give 
a red color with nitrous acid; tertiary mercaptans and thiophenols 
give a green solution which later changes to red. The nitroprusside 
test ** is commonly used for the qualitative detection of the sulfhydryl 
group. 

” Wendt and Dixss. Ind. Bng. Chem., 16, 1113 (1924); Morrell and Faracher, HM., 
», 1046 (1927); Lwdimttn, ibid.. t>, 864 (1031). 

Oilman and Ndaon, J, Am, Chmn. Soc., 69, 936 (1937). 

" Mwanboldt, Ber., 60, 184 (1927). 

•* MulUken, “Identification of Pure Orsanio Compounda,” John Wiley 4 Sona, New 
York (1922), Vol. rv, p. 17; Kamm, “Qnatitative Orxanio Analyaia." 2nd ed., John Wiley 
* 8em, New York (1932), p. 102. 
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in. SULFIDES 
General Characteristics 

The low-molecxilar-weight sulfides (thioethere) have odors ® which, 
though disagreeable, are not so objectionable as those of sulfhydryl 
compounds. Diallyl sulfide is an important constituent ** of oil 
of garlic (Allium * aaiiinim). y-Hydroxypropyl methyl sulfide ** 
(CH 3 SCH 2 CH 2 CH 2 OH) has been isolated from soy sauce. The natu¬ 
rally occurring a-amino acids methionine (p. 1136) and djenkolic acid 
(p. 1135) are also sulfides. 



Fig. 2,—Number of carbon atoms in R (R — CnHj„+i). Comparison of the boiliiig 
points of ethers, sulfides, and hydrocarbons. 

The sulfides are non-associated substances with boiling points 
(Fig. 2) about the same as those of hydrocarbons, ethers, and mercap- 
tans of the same molecular weight (S of either sulfide or thiol = 0 = CH 2 —O 

I I 

of an ether o CH 3 —CH 3 ). It has been pointed out that * —S— and 
“ Finokh, Ber., 27, 1239 (1894). 

•• Wertheim, Ann., 51, 289 (1844); Ann., IS, 302 (1846); Phias. Ann., 5S, 37 (1846); 
Ludwis. Ann., 139, 121 (1866); Semmler, Ann., 241, 117 (1887). 

^The name of the allyl radical ia derived from “aUium." 

“ Akabori, J. Chrnn. Soe. Japan, 57, 832 (1936) [C. A., SI, 1356 (1937)}. 

** Meyer, Ber., 15,1465 (1883); Erlenineyer, Berger, and Leo, Chim, Aeta, 15,737 
(1933). 
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—CH=*CH— axe isosteric and there are many striking simUarities in 
the chemical, physical, and physiological properties of isosteres con¬ 
taining these structures. 

Preparation 

By ABi^Iation. The reaction of mercaptides with alkylating agents 
(alkyl halides, alkyl sulfates, sodium alkyl sulfates, or alkyl sulfonates “) 
is analogous to the Williamson S 3 mthe 8 is of ethers but occurs much more 
readily. 

RSNa + RX -+ RSR + NaX 

Alcohol is usually a good solvent for the reactants and is frequently used 
as the reaction medium (cf. p. 846). 

Polyhal<^n compounds ” such as methylene halides,“ dichloro- 
acetamide,"* chloroform, 1,1,2-trichloroethane, ethylene halides, acety¬ 
lene dichloride, and acetylene tetrachloride behave normally in this re¬ 
action, with complete replacement of the halogens by alkylthio groups. 
Carbon tetrachloride “ and some alkylene halides cause oxidation of 
the mercaptide to disulfide. 

Ca« 4- 5RSNa + CiHsOH-^ CH(SR), + USSR + 4NaCl + NaOCjHi 
C.H»CHBrCHBrCeH* + 2RSNa-» CJf»CH=CHCeH» + RSSR + 2NaBr 

Instead of undergoing metathesis, compounds containing “positive” 
halogen may oxidize the mercaptide to disulfide. For example, triben- 
soyhnethyl chloride and sodium p-tolylmercaptide give the sodium 
salt of tribenzoylmethane and di-p-tolyldisulfide. 

(C.H,C0)3CC1 + 2 p-CH,CJH,SNa -► 

ONa 

I 

(C6H,CO)jO=CC»H» + CH,CeH4SSCeH4CH, 4- NaCl 

Other halogen compounds which may cause oxidation of mercaptides 
include ethyl a-chloroacetoacetate," phenacyl chloride,*® bromonitro- 

** Gilman and Beaber, J. Am, Ckem. Soc., 47, 1449 (1926). 

•’ Qabrid. Ber., 10, 186 (1877) ; Otto. Ber., 17, 3066 (1894); Otto, J. prakt. Chtm., (2) 
•1, 286 (1896); Otto and Muhl«, Ber., IS, 1120 (1896); Fromm, 'Beaaiofpsr, and Schafer, 
Ann., 9M, 326 (1912) ; Fromm and Biebert, Ber. M, 1014 (1922) ; Fromm and Landmann, 
Ber., Sf, 2290 (1923); Kohler and Tlahler, J. Am. Chem. Soe., 87, 223 (1936) ; du Vignaand 
and Pattemon, J. jBtot. Chem., 114, 633 (1936). 

"Backiff and‘Siedahouder, Bee. tfoe. ehim., 88, 437 (1936). 

*• (iito, Ber., 88,1061 (1890); Otto and Muhle, J. pralu. Chem,, (2J 81,617 (1896); Otto 
.aid., C$6S, 1 (1898). 

*« ^ Potter./. Am. Chem. &M., 2188 (1938). 

** Slaser and Hnnmatar, /. jiraSf. Chem., 79, 449 (1909). 
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methane,® oe«bromo amides,®* a-suIfonyl-a-halo-amides,*®‘ * and a-bro- 
mosulfones.® The oxidation reaction is favored by high temperatures; 
metathesis may sometimes be made the main reaction ® by operating 
at room temperature or lower. 

While aryl halides which lack activating groups do not undergo 
metathesis with sodium mercaptides under ordinary conditions, p-nitro- 
chlorobenzene and 2,4-dinitrochlorobenzene “ react to give sulfides. 
It has been reported that sulfides are formed by the reactions of aryl 
bromides with lead mercaptides,® and of aryl iodides with sodium mer¬ 
captides in the presence of copper.® 

(RSliPb -I- 2ArBr-> 2RSAr + PbBr* 

RSNa + Arl ArSR + Nal 

The preparation of synunetrical sulfides may be carried out success¬ 
fully by the action of alkylating agents on sodium or potassium sul¬ 
fide.'*'• “ 

2RX + KjS ->■ RSR + 2KX 


The conversion of thiophenols to sulfides may be accomplished in the 
presence of sulfuric acid, using tertiary alcohols or olefins as alkylating 
agents.’**’ ** 


(CH,)3C0H— 
or 

(CH3)jC==CH!r-l 


HjSO, 


^ (CHjIsCOSOsH 


ArSH 


(CH,),CSAr -I- HiSOi 


From Olefins. The formation of sulfides from olefins by the addi¬ 
tion of hydrogen sulfide, mercaptans, and thiophenols has already been 
discussed (pp. 843, 850) and needs no further mention. 

Sulfur chloride ( 82012 ) reacts with olefins by addition to two equivar 
lents of the unsaturated compound. Though the mechanism of the 
reaction is obscure, it appears to involve two stages and it is likely 
that sulfur dichloride (SCI 2 ) is the reactive agent.’®' The fate of the 

“Mel’nikov, Oen. Chem. (U.S.5.B.). 7, 1646 (1937) [C. A., 11. 8504 (1037)}. 

•* (a) d’OuviUe and Connor, J. Am. Chem. Soc., 60, 33 (1938); ( 6 ) Zieglfir and Connor, 
ibid., 61, 1049 (1940); (c) Barr, Ziegler, and Connor, ibid., 61, 105 (1941). 

“ Ziegler and Connor, ibid., 61 , 2596 (1043). 

“ Boat, Turner, and Norton, iWd., 64. 1985 (1932). 

“ Bourgeois, Ser., 18, 2312 (1896); Kraft and Bourgeoia, Ber., 18, 3046 (1800). 

“ Mauthner, Ber., 39, 3593 (1906). 

** Cahours and Hofmann, Ann., 108, 291 (1857). 

“Lee, U. s. pat. 2,020,421 [C. A., 30, 489 (1936)]. 

Conant, Hartshorn, and Richardson, J. Am. Chem. Soe., 41, 585 (1020). 

*•1 Patrick and Haokerman, J. Phye. Chem., 40, 670 (1930); Cocdey and Vo^ /. Am 
Chem. Soe., 2474 (1940). 
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«ctra sulfur is uncertain/" but some of it is present as disulfide and tri¬ 
sulfide. This reaction was used by the AlUes in the war of 1914-1918 
for the conversion of ethylene to mustard gas. 

SiCl] sell + s 
CHtf-CH, + 8a» -+ C1CH,CH,SC1 
eiCHiCHiSCl + CH,=CH, ClCHiCHiSCHsCHiCl 

The mecnanism indicated for this reaction suggests that sulfenyl chlo¬ 
rides should be capable of reacting with olefins; examples of this have 
been noted but not extensively investigated. 

ArSCl + CHe=CH, AiSCHiCHiCl 


The reaction of sulfur chloride (S 2 CI 2 ) with dimethylbutadiene and 
isoprene occurs by 1,4-addition; butadiene is chlorinated by this re¬ 
agent. 

Cl Cl 


CHa—C-C—CH* 

II II + SiClj 

CHi CH* 


Cold 


CHr-C- 


-C—CH, 


CHj CH, 

\s/ 


From Diazonium Salts. Symmetrical aryl sulfides may be obtained 
by the reaction of diazonium salts with sodium sulfide or sodium thio¬ 
sulfate. Thiophenolsand disulfidesmay be by-products of the 
reaction. 

2ArN,+X- -i- NaiS ArSAr + 2NaX + N, 


Unsynunetrical diaryl sulfides or alkyl aryl sulfides may be ob¬ 
tained by the reaction of diazonium salts with the sodium salts of 
thiophenols or mercaptans. The products are diazosulfidcs, which upon 
beating in alcohol solution decomp<^ to give sulfides. 

ArN,+X- •+■ RSNa -♦ ArN=NSR ArSR + N, 

>*> P«lidiig, AmiKm. and Kom>, Ind. Eng. Chem., U, 1054 C1920); Markevich, CoUoid J. 
(.U.S.8M.), t. 426 (1»2«) tC. A., M, 7011 (l«3e)J. 

Felfling and Areoeon, Ind* Eng, Cktm,, IS, 1006 (1020); Oibeon and Pope, J, Chem, 
Soc., m, 271 (1020); Qreon, J, See. Chem. Ind., SS, 400 (1010); ibid., «. 888 (1020). 

">* Lecher e< oZ.. Ber., 05, 1474 (1022). 

^ Backer and Strating, Bee. tnu.ebim,, M, 62 (1886). 

Orieee, Ann,, tTt, 74 (1886); Stadler, Ber„ IT, 2078 (1884); Haaon, B«r„ SO, 849 
(1887) s Taeginari, Ber.. SO. 008 (1802). 

‘•^Cfraebe and Mann, Ber.. M, 1683 (1882). 

*** thogotU, Oow. ^am. Hal., SO, 24 (1800). 

wflitedlw, JJ«r„ IT, 2076 (1884); ZiedM. Ber., SS. 2469 (18W; Vi B. pat, 3,011,683 
{<7. A„ SO. 480 (1036)]. 
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From Aldehydes and Ketones. The mercaptals, mercaptols, trithio- 
orthofonnates (pp. 848-9) and the cyclic trimers of thioaldehydes and 
thioketones (p. 923) are sulfides which are prepared by methods described 
elsewhere. o-Dialkylaminosulfides may be obtained in good yields 
by the reaction of mercaptans and secondary amines with formaldehyde. 

RSH + CHjO + HNRs -» RSCHiNR* + HjO 

a,a'-Di-(dialkylamino)-sulfides are formed “ by the reaction of hydro¬ 
gen sulfide with methylol amines obtained from formaldehyde and 
secondary amines. 

RjNH + CHjO-» RjNCHiOH 

2 RsNCH 20 H + H2S R2NCH2SCH2NR2 -f 2H2O 

The formation of a-chloromethylsulfides from mercaptans, formalde¬ 
hyde, and hydrogen chloride has been mentioned previously (p. 849). 

Other Methods. Sulfides are formed by the thermal decomposition 
of lead mercaptides (p. 847), the replacement of the —SOsNa group in 
certfun aromatic sulfonates (p. 895), and the introduction of the RS— 
group into active methylene compounds by the use of thiolsulfonic 
esters (p. 910) or sulfenyl chlorides (p. 923); these methods are discussed 
elsewhere. Sulfides may also be obtained (1) catalytically from mer¬ 
captans in the presence of a metallic sulfide catalyst at high tempera^ 
tures, (2) from aromatic hydrocarbons and chlorides of sulfur,”’ and (3) 
from the reaction of ethylene oxide with hydrogen sulfide,*® mercap¬ 
tans,”* or thiophenols. 

2R.SH --> RSR + HjS 

MetftUic 

sulfide 

ArH -h SfCb ArSfCJ > ArSH 



CH2—CH2 + H2S HOCHxCHjSH HOCHsCHjSCHjCHjOH 

\y^ 

CHr-CH, + RSH ->■ HOCH,CH,SB 

N>/ 

n* Sabatier and Mailhe, Compi. rtnd., ISO, 1669 (1010). 

‘n Krafft and Lyons, Ber., M, 436 (1896); Schmidt, Btr., U, 1168 <(1878); Ftiadl&ndet 
and Simon, Btr., 6S, 3969 (1922); Wood and Fieser, /. Am. Chem. Soe., 88, 2674 (19«) 
n* Fromm and J6rg, Btr., 88, 304 (1926). 
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Reactions 


With Halogens. Under anhydrous conditions sulfides react with 
chlorine,^** bromine,^’ or iodine to form dihaJide addition products. 
These products may be considered molecular compounds, or as having 
a structure similar to that of sulfonium salts (p, 419). 


R—S—R + Xj 


RsS-X» 


■ X ■ 

T 

_R—S—^R_ 



The formation of dihalidcs occurs with great ease “* when methyl or 
methylene groups are adjacent to sulfur. The reaction with bromine 
takes place so readily that it has been used as a quantitative method 
for the determination of sulfides. The reaction of halogens with aryl 
sulfides “* must be carried out below 0° to avoid nuclear halogenation. 

In the presence of water the simple sulfides are oxidized by halogens 
to sulfoxides,probably by formation of the dihalide, followed by hy¬ 
drolysis (p. 871). If the reaction is carried to completion, sulfones are 
formed.”* Under these conditions compounds containing two sulfide 
linkages attached to the same carbon atom ”• (mercaptals, trimeric 
thioaldehydes, etc.) may be cleaved with the formation of sulfonyl 
chlorides. 


(RS),CHi + 6C1, + 6H,0 2RSOjCl + CHjO -|- lOHCl 

(CH,S), -I- 7C1, -I- 5H,0 2CICH»SOjCl + CHsO + lOHCl + S 

With Inorganic Salts. The sulfides form addition compounds with 
salts of the heavy metals such as mercury, platinum, palladium, and 
gold. Probably these form as a result of the donor activity of sulfur, 
and the products obtained from mercuric iodide,*” for example, may 
be represented as follows. 

R*S -|- Hgli —» R—8—^Hgls 

• I 

R 

“>Fri«a and Vogt. Ann., SSI, 337 (1911). 

CiHdintaev, J. Hum. Phyt. Chem. Soe., 44, 1886 (1913). 

Patein, BuU. toe. eMm., M, 201 (1888). 

Fromm and Raisiaa, Ann., S74, 90 (1910). 

Sampey. Sla^, and J. Am. Chem. Soc., S4. 8401 (1033). 

*** Boeeeken, See. itat. Mm., S9, 816 (1910). 

Lee and Dooi^ierty, J. Org. Chem., S, 81 (1040). 

» Loir, Ann., S7,309 (1863); Ann. e6*m. fAyt., [3] St, 441 (1863); BlomaUnad, X 
dwn., 12] SS, 826 (1888); Faragbar, M<wwii, and Conu^, J. Am. Chem. Soc., 63, 3774 
(1630). 

»1^ajip8, J. Am. Chem. Soe., SS, 360 (1901). 
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These addition compounds are usually solids. Those obtained with mer¬ 
curic chloride have been useful ^ in the isolation of sulfides from petro¬ 
leum distillates; the alkyl sulfides may be recovered by treatment of the 
addition products with hydrogen sulfide. Solid products obtained by 
reaction with palladous chloride have been used for the idenlification 
of sulfides. 

With C 3 ranogen Bromide. The cleavage of sulfides by cyanogen 
bromide‘s is analogous to the cleavage of the amines with this re¬ 
agent. The products obtained from unsymmetrical sulfides depend 
upon the “relative electronegativities" (p. 1072) of the groups; if both 
are saturated alkyl groups the smaller radical appears predominantly as 
the bromide. 

R'SR + BrCN R'Br + RSCN 

Other Reactions. The reactions of sulfides with alkyl halides, (p. 867) 
and with oxidizing agents (pp. 870, 874) are discussed elsewhere. Sul¬ 
fides form addition products with hexaphenylethane.*^ The hydrogen 
attached to the «-carbon in sulfides is more acidic than in the corre¬ 
sponding ethers; this is shown by the observation that methyl phenyl 
sulfide undergoes metalation of the methyl group, whereas anisole pves 
ring metalation. 

CgHtSCHa + CdiBLi C«Hio + C*H»SCH*Li 

The pyrolysis of mercaptols is reported to give vinyl sulfides and 
polymers; the latter are said to be formed from allenes. 

(CH3)*C(SR)s ^ RSH + CH,=C—SR 

ZnCl| I 

CHj 

RSH + CHj= 0=CH2 Polymers 

Mercaptols react with alcohols at low temperatures under the influence 
of acids, giving acetals and mercaptans. 

Below 10^ 

RjCCSCjHt), + 2 CH 3 OH RjCCOCHj)* + 2C»H»SH 

Mabery and Smith, Am. Chem. J., IS, 232 (189U I MoSittriok, Ini, Eng. Chem., 
SI, 686 (1929). 

iw Ipatieff and Friedman, J. Am. Chem. Soc., 61, 684 (1939). 

“• V. Braun and Engoberto, Ber., 56, 1573 (1923). 

Rogers and Dougherty, J. Am. Chem. Soc., 80, 149 (1928). 

'••Oilman and Webb, ihid., 6S, 987 (1940). 

xti ^o) Sporsynaki, Arch. Chem. Farm.. 8,69 (1936) IC. A., 31, 8359 (1988)1; (h) Mochel 
U. 8. pat. 2,229,666 [C. A., 85, 2906 (1941)1. 
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Whereas the sulfide link is quite stable in the simple sulfides, sul¬ 
fides mth a labilizing group in the d-poaition are readily cleaved in the 
presence of idkali. An example of this has been noted (p. 850) in the re¬ 
generation of benzalacetophenone from its addition product with thio- 
cresol; other examples are found in the cleavage of mercaptols derived 
from d-keto esters. 

CH,C(SC»Hs),CH»COOCJH6 

SC,H» 

I 

CH,O=CHC00Na + CjHsSNa + C,HsOH 

The reactions of certain sulfides indicate that sulfur may expand its 
valence shell (p. 881) and in this way cause activation of the methylene 
group. 

Mustard Gas and Related Compounds 

/S,d*-Dichloroethyl sulfide (“mustard gas”) is a strong vesicant. 
Individuals differ considerably in sensitivity, but approximately 0.5 mg. 
of mustard gas per square centimeter of skin produces blisters.'** Ani¬ 
mals are killed *** after eight hours’ exposure to air containing less than 
0.01 mg. of mustard gas per liter, although death may be delayed for 
several days. “Sesqui-mustard” (CICH 2 CH 2 SCH 2 CH 2 SCH 2 CH 2 CI) is 
a stronger vesicant than mustard gas. d,d'-Dibromoethyl sulfide 
is similar in SiCtion but has a lower vapor pressure than mustard gas and 
is less dangerous to handle. Branching of the carbon chain *** and in¬ 
creasing the molecular weight diminish the vesicant acti\’ity of /3-halo- 
sulfides; (CH 3 CHC 1 CH 2 ) 2 S is much less toxic than mustard gas, and 
(CH3CHC1CH(CH3) ) 2 S is practicaUy inactive. /3-Monochloroalkyl sul¬ 
fides **• and a,a'-dichloroalkyl sulfides *** are relatively weak vesicants. 
j3,|3'-Efichlorovinyl sulfide (C1CH=CH)2S has a nauseating odor but 
is not a strong vesicant. The vesicant action of mustard gas and related 
compounds is destroyed by oxidation or chlorination. 

^ Posner, Ber., S>, 2802, 260& (1809); .Ber.. 84, 2043 (1001). 

*** Marshall and Lynch, J. Pharmacol., U, 201 (1018); Marshall, J. Am. Med. Aeeoe., 
73. 684 (1019). 

Bennett and Whincop, J. Chem. Soc., 118, 1860 (1021); Kosen and R«d, J. Am. 
Chem. Soc., 44, 634 (1022). 

ateinkopl, HoioW, and SUSir, Ber., SS, 1007 (1020). 

Pope and SmiUi. J. Chem. Soc., 110, 390 (1921). 

*** Demuth and Meyer, Ann,, MO, 306 (1884). 

1** Mann and Pope, J. Chem. Soc., US, 1172 (1023); Ruigh and Kriokaon, J. Am. Chem. 
Soc.. M, 016 (1939). 

l«M0Uer and Metoger, J. prakt. Chem., (2] 114, 123 aB26). 

***lDetigres, QuiUemard, and Lafaat, Chemie und Induetrie, 6 , 942 (1021); Spioa, Chut 
jfciL, 48, II, 280 (1018); Bellrudt and J. Am. Chem, Soc., it, 1208 (1820). 
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The preparation of mustard gas by the reaction of ethylene with 
sulfur chloride has already been mentioned (p. 865). During the war of 
1914-1918 it was prepared in Germany by passing hydrogen chloride 
into a solution of j8,/3'-dihydroxyethyl sulfide in hydrochloric acid. 

(H0CH2CH2)2S + 2Ha ^ (C1CH2CH2)2S + 2 H 2 O 

IV. DISULFIDES 
General Characteristics 

The disulfides have higher boiling points than the correspond¬ 
ing mercaptans, and their odors, though disagreeable, are not so ob¬ 
jectionable as those of the sulfhydryl compounds. AUyl propyl di¬ 
sulfide is present in onions *** and occurs, along with diaUyl disul¬ 
fide and allyl sulfide, in oil of garlic.*®* l-Propenyl sec.-butyl disulfide 
(CH 3 CH 2 CH—S—S—CH=CHCH 3 ) has been isolated from oil of 

I 

CH 3 

asafetida.**® Disulfides may produce symptoms similar to those observed 
in ivy poisoning; the response of individuals varies greatly, but this effect 
is usually noted after the skin has been repeatedly in direct contact with 
disulfides. 

Preparation 

Oxidation of Mercaptans and Thiophenols. The ease of oxidation of 
sulfhydryl compounds has been discussed elsewhere (p. 851). For the 
preparation of disulfides it is necessary to select an oxidizing agent which 
will not oxidize disulfides. Convenient laboratory methods are the re¬ 
action of a sulfhydryl compound in aqueous alkali with iodine *“ and 
reaction of a lead mercaptide with iodine.’*” 

2RSNa + I 2 USSR + 2NaI 
(IlS),Pb -i- I 2 RSSR + Pbl2 

Ferric chloride,*" lead peroxide,**® hydrogen peroxide,*** and copper sul¬ 
fate *** also appear to be well suited for use in preparative work. 

Carr, J. Soc. Chem. Ind., S8R, 468 (1919). 

Sominler, Artsh. Pharm., <30, 434 (1892). 

Mannich and Freflonius, ifria., 374. 481 (1936). 

Smythe, J. Chem. Soc., »#, 349 (1909). 

Zincko and Frohnoberg, Ber., 43, 840 (1910). 

o* Pummerer, Ber., 43, 1401 (1910) ; Zincke and Ftohnebere, Ber., 4S, 2721 (1909). 

•“Ritter and Sharpe, Am. Chem, Soc., 69, 2361 (1937). 

iM Klajion, Ber., 20, 3407 (1887); Loven. J, prakt. Chem., [2] W, 366 (1864). 
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Reaction of Alkylating Agmts with Sodium Thiosulfate. Sodium 
alkyl thiosulfates, obtained by the teadion of alkyl halides with sodium 
thiosulfate, are converted to disulfides by heating,^ 

2IIX + 2NaiSiO, -» 2RSSO,Na ^ RSSR + 80i + Na*S 04 

Reaction of Alkylating Agents with Sodium Disulfide. Disulfides 
are obtained by the reaction of alkyl halides or sodium alkyl sulfates 
with a solution of sodium sulfide in which an equivalent amount of free 
sulfur has been dissolved. When this reagent is treated \nth acyl 
chlorides, acyl disulfides are formed. 

2RX + NasSs -♦ RSSR + 2NaX 
O O 

II II 

2RCOC1 + NaA -* RC—S—S—CR + 2NaCl 

Sodium disulfide solution appears to be an equilibrium mixture contain¬ 
ing, in addition to disulfide, sodium sulfide and sodium polysulfides. As 
a consequence, alkyl sulfides and polysulfides are by-products from the 
preparation of alkyl disulfides by this method. 

Other Methods. The action of ammonium hydrosulfide on ketones 
(p. 926) has been reported to reduce the carbonyl group with forma¬ 
tion of the corresponding disulfide; the reaction has not been extensively 
studied. 

C»HtCOCH, —^ CeH»CH—&-S—CHCoH* 

I 1 

CH, CH, 

As mentioned elsewhere, thermal decomposition of mercuric mercap- 
tides 847), the action of sodium sidfide on diazonium salts (p. 856), 
and some reactions of sulfenyl (pp. 921-923) and sulfonyl (p. 907) 
chlorides result in the formation of disulfides. 

Reactions 

With Halogens. Diaryl disulfides are converted to sulfenyl halides 
by the action of chlorine or bromine in anhydrous media. 

ArSSAr -P Cl, 2ArSa 

*“Otto and Troagw, Ber., SS, WO (1893); Price aad Twiw. J. Chun. Soe.. M, 1480 
(1909); Btutz and Sliriner, /. Am. Ch«in. 8oc., M, 1242 (1933). 

Ann., 11,1 (1834); Biutlnnui, Bee. trae. ehim., M, 121 (1001). 
him and Mnrx. Ber., 40,3865 (1907); Bersmann, Ber., 58, 979 (1920). 

M* l^auouum snd Fromm, Ber., S8, 907 (1895). 

ukd Sndlee, J. Cfcem. £^., 1040 (1932). 

**• klMlnboldt end Nctadcne, Ber., W, 067 (1W9). 
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Aliphatic sulfenyl halides have not been obtained by this method (p. 
920), apparently because halogenation of the aliphatic groups occurs 
more readily than cleavage of the disulfide link. In the presence of 
water both aryl and alkyl disulfides are oxidized by chlorine and bro¬ 
mine to eulfonyl halides (p. 889). Some disulfides form tetrahalid^ 
which may be hydrolyzed (p. 907) to thiosulfonic esters. 

With Strong Alkali. While disulfides are stable toward dilute alkali, 
they may be split by strong potassium hydroxide. The initial products 
are probably mercaptides and sulfenic acids, but the products isolated 
are mercaptides and sulfinates (c/. p. 921). 

2RSSR -f 2KOH 2RSK + 2RSOH ->• RSK -|- RSOjK -f 2 H 2 O 

Other Reactions. The reductive cleavage of disulfides, which has 
been discussed (p. 843), is one of their most important reactions. Disul¬ 
fides may be used for the dehydrogenation of tetralin and other hydro- 
aromatic compounds.^" 

C 10 H 12 -t- 2RSSR-> CioHg + 4RSH 

70% 73% 

Oxidation (p. 907), reaction with sulfur (p. 865), and formation of sulfo- 
nium salts with alkyl halides (p. 867) are other reactions which are dis¬ 
cussed elsewhere. Drastic p 3 Tolysis of diphenyl disulfide causes dis¬ 
proportionation . 

2C6H6SSCjH6 —> CjHjSCbHj CsHe—S—S—S—CsHt 

The ease of reduction of disulfides and the ease of their formation 
from sulfhydryl compounds find an important example in nature in the 
reversible oxidation-reduction system (like quinone-hydroquinone) cys¬ 
tine-cysteine (p. 1131), 

1‘igchoberl el al., Ann., 807, 111 (1933); Ber., 67, 1645 (1934); NtUwrwittenaeha/len, 
94, 391 (1935). 

Schiller and Otto, Ber., 9, 1637 (1876); Pauly and Otto, Ber., 11, 2070, 2073 (1878); 
Otto and RSsEing, Ber., 90, 189 (1887); Price and Twiss, J. Chem. Soe., 97, 1175 (1910); 
Fromm end Forster, Ann., 394, 338 (1912); Toennies and Lavino, J. Biol. Chem., US, 571 
383 (1936). 

i*« Hinsberg, Ber., 43, 1874 (1910). 
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V. POLYSDl<FZDBS 
General Characteristics 

The trisulfides (BS 3 R), tetrasulfides (RS 4 R), and pentasulfides 
(RSfrR) have no analogs among oxygen compounds.* Their reactions 
can be explained by assuming that they are not individual compounds 
but equilibrium mixtures of disulfides and polysulfides, an assumption 
which may seem justified by their ease of interconversion. However, 
parachor and viscosity measurements indicate that trisulfides, 
tetrasulfides, and pentasulfides are definite compounds and that their 
structures all contain three sulfur atoms in a linear arrangement. 

S 

t 

R—S—S—S—R R—S—S—S—R 

T^ulfidea 

s 

or 

S R—S—S—S—R 

T /\ 

R—S—S—a—R s—s 

TetTAsulfidm PeCitMuJl6d«e 

The polysulfides have not been so completely studied as the other 
types of sulfur compounds previously discussed. Dimethyl tetrasul- 
fide is said to have a highly repulsive odor. 


Preparation 

From Sulfhydxyl Compounds. The reaction of sulfur chloride (@ 2012 ) 
with merc^tans or thiopbenols is generally used for the preparation of 
tetrasulfides “*■ If the reaction is carried out in the presence of free 
sulfur ^ in carbon disulfide solution a pentasulfide is obtained. 



RSiR 

RStR 


* The fact tluit aolfur Sm • greater tendency to combine frith iteelf thna doea oxygen 
ia shown by a comparison of the free elements. Whereas oxygen exiets oa Os, or in a 
metostabie form as Ot, suUor in solution or in the vapor state is St, 

Baroni, Atti aeead. Lineei, 14, 88 (1931) (C. A., S4, 1896 (1932)]. 

»• Bexxi, Goa. chim. UaL, U, 603 (1935); Omf., 66 , 704 (1936). 

«• doeason, pmkl. Chem., 121 », 214 (1877); Ber., W, 3413 (1887). 

(o) Smythe mid Forster, J- Ckm, 8oc., 67, 1195 (1910); (6) TrOgor and Homung, 
J. prahi. Chtm., [2J M. 113 (1809); («) CSiakravarti, J. Chem. See., 183. 964 (1023); (d) 
Ttriss, J. Am. Chem. See., 40.401 (1027). 

W Imi and Baioid, AM aewd. Lineei. 16) «. 772 (1020) (C. A., M, 4027 (1020)]. 
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Thionyl chloride and sulfuryl chloride give several products, 
including disulfides and trisulfides, when they are allowed to react with 
sulfhydryl compounds. Tetrasulfides are also produced in reactions in 
which sulfuryl chloride is used. The reaction of thionyl aniline with 
p-thiocresol gives p-tolyltrisulfide and aniline. 

From Organic Sulfides, Disulfides, and Polysulfides. Organic sul¬ 
fides do not react readily with elementary sulfur. For example, ethyl 
sulfide is unchanged after heating with sulfur for four days at 160®. 
Under more drastic conditions the disulfide and polysulfides are formed. 

(CjHOjS + S —^ C,H,S8C,Hs + C,H,SaC,Hs + CjH^S^CjH, + CjH^S.CiH, 

24 bxt. 

The disulfides,in contrast to the sulfides, react readily with sulfur or 
metal polysulfides and may be converted to trisulfides,'” tetrasulfides,** 
or pentasulfides.** Under similar conditions *“ trisulfides and tetra¬ 
sulfides may be converted to pentasulfides. The reaction appears to be 
catalyzed by ammonia.*** 

RS2R 4 " S ————> RS3R —* BB4R —* RSjR 

NH| 

Trisulfides may be obtained from tetrasulfides *** and pentasulfides *** 
by reversing the above reaction by distillation. 

DiMil 

CHjS^CH,-> S -f- CHaSjCHs 

Distil _ 

CHiiSeCH, —> 2 S + CH3S3CH3 

From Sodium Polysulfides. Alkyl sulfates *** or alkyl halides *** give 
alkyl polysulfides when allowed to react with sodium or potassium poly¬ 
sulfides. Since the latter are mixtures, the organic products derived 
from them are also mixtures, but it has been reported that pentasulfides 
may be obtained by this method.’®* • *“ 


2RX 4- Na 2 St —> 2NaX 4" RStR 

>“ Holmberg. Ann., 3«9, 81 (1908). 

t*o Tasker and Jones, J. Chem. Soc., 96, 1910 (1909). 

Holmberg, Her., 43, 226 (1910). 

»“B6ttger. Ann., 393. 348 (1884). 

“• Claesson, J. prakt. Chem., 12] 16, 193 (1877); BuU. soe. (Atm., {2] 36, 88 (1876). 

>“ MUller, J. prakt. Chem., [2] 4. 39 (1871). 
iM Holmberg, Ber., 43, 220 (1910). 

1“ Levi and Baroni. AUi accad. Lineei, 9, 903 (1929) [C. A., 38, 8188 (1029)]. 
WStreoker, Her., 41, 1105 (1908). 

** Riding and Thomas, J. Chem. Soe., 133, 3271 (1923); ibid., 136. 2214, 3460 (1924). 
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“Thiokols” are polymeric linear polysulfides prepared by the reaction 
of dihahdes with sodium tetrasulfide. “Thiokol A,” for example, is 
polyethylene tetrasulfide obtmned from ethylene chloride and sodium 
tetrasulfide in the presence of magnesium hydroxide. 

Ms(OH)i 

aCHjCHjCl + NaiS4 > —CH*CH,84(CH*CH2S4)„CH8CH2S4— 

"ThiokoJ A” 

The product is obtained in the form of microscopic spherical particles 
which can be washed by decantation and which will renuun for some 
time as a suspension similar to latex. Coalescence, brought about by 
acidification, gives a rubbery mass which can be milled, compounded, 
vulcanized using an accelerator, and in general treated like rubber. 
The properties of the product may be varied by replacing all or part of 
the ethylene chloride by /3,^'-dichlorodiethyl ether and by decreasing the 
sulfur content by treating the polymer with sodium sulfide. Though 
the thiokols resemble natural rubber in appearance and behavior, they 
do not swell or soften in the presence of hydrocarbon solvents “* and 
therefore are used in place of natural rubber when resistance to gasoline 
or other organic compounds is important. 

Other Methods. The reaction of sulfur chloride (S 2 CI 2 ) with 
phenylmagnesium bromide gives phenyl sulfide, phenyl disulfide, phenyl 
trisulfide, phenyl tetrasulfide, chlorobenzene, and dipheiiyl. Sulfur 
dioxide and hydrogen chloride produce benzyl disulfide and benzyl 
trisulfide from benzyl mercaptan. Pyrolysis of a disulfide (p. 863) gives 
a sulfide and a trisulfide. 

Reactions 

The addition and loss of sulfur, described above, are the most char¬ 
acteristic reactions of polysulfides. Oxidizing agents produce 
sulfonic and sulfuric acids from polysulfides. The action of mercury on 
a trisulfide removes one of the sulfur atoms, producing a disulfide.'** 

“* P»tiick, Tran*. Faraday Soe., St, 347 (1836). 

Ferruio and Vinsy, Bull. toe. chim., 7, 518 (1010). 

SmyUie. J. Cham. Soe., IM. 546 (1914). 
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VI. SDLFONIUM COMPOUITOS 


General Characterisdcs 

The snlfonhim compounds * resemble quatemaiy ammonium com- 
poimds in many respects. The tetrahedral configuration of the sulfur 
atom, with an unshared electron pair at one point of the tetrahedron, is 
shown by the resolution of unsymmetrical sulfonium salts (p. 419). The 
salts are crystalline solids which dissolve in water giving neutral solu¬ 
tions. The sulfonium hydroxides are strong bases. 


Preparation 


From Sulfides. The reaction of alkyl sulfides with alkyl halides 
occurs slowly at room temperature but more readily ujjon heating.*” 
The reaction is of the second order.*” Treatment of the triaJkylsulfo- 
nium halide with moist silver oxide or with silver nitrate produces the 
sulfonium hydroxide or nitrate. 


Mout 



R 

^ 1 

AssO ' 

R— S— R -h RX -♦ 

1 

X- 

AsNOi 
- — 1 ^ 

R- g - 



R»S+OH- -I- AgX 
RiS+NO»- + AgX 


Alkyl sulfates, but not alkyl halides,*” react with alkyl aryl sulfides or 
with diaryl sulfides to give sulfonium salts. 

From Disulfides. The reaction of alkyl halides with disulfides is 
extremely slow without a catalyst *” but occurs readily *”• *” and gives 
good yields of sulfonium salts in the presence of such catalysts as mer¬ 
curic iodide or ferric chloride. 

USSR 4- 4RI 2R^+I- HgI, + I, 

It has been postulated *** that the initial reaction is the addition of al^I 
halide to the disulfide and that the final product is the result of a aeries 
of reactions shown'below. 

* Th<M» are known as “aulfines” (“Sulfinverbmdunxen”) in the older literature, bat 
tUf name is mialeadinc since it suggests a resemblance to amines rather than to imnncT,iiffini 
MBipoands. 

, n* V. OeMb. Ann., US, 82 (1864); Cahours, Ann., 1S8, 356 (1865). 

^^Qanara, (Toss. ckim. ital., 84, i, 170 (1894). 

m Kebimann and DuttenhUer, Bsr., U, 4197 (1905); Bsr., M, 8660 (1906); (5) 
Rsbneunn and Sava, Btr., 45, 2895 (1912). 

Davies, Bsr., 84 , 2548b (1891); HQditch and Smiles, J. Chtm. Soe., 91 , 1394 (1007)- 

US Steiahopf and MfUler, Bsr., 06 , 1928 (1923); (b) Haas and DaU|^SRty» <7. Am. 
tt. 1004 (1940). 



OBOANIG CHBMISmY 


E-S-S—R + R'l + Hgl, 

I i 


TR—s—SR1+ 


R' 


I-Hgl, 


rR-S-S-Rl+ R\ 

I- Hgl, -+ RSI 4- >S-*HgIf 


RSI + R'l -+ RSR' + Ii 

R'v 

>S-»HgI, 
R/ 


RSR' + Hgl, 


^^>S-^HgI, + R'l 


R'‘ 

I 

R—S 

I 

R' 


I-Hgl, 


Othtt* Methods. Trialkylsulfonium salts have been prepared by the 
reaction of an excess of alkyl halide with sulfur or metallic sul¬ 
fides such as sodium sulfide, cadmium sulfide, or arsenic trisulfide. 
Aryldialkylsulfonium salts are formed from the reaction of lead naer- 
esptides of thiophenols with alkyl sulfates. Triarylsulfonium salts may 
be obtained *•* from phenols or their ethers by the action of (1) thionyl 
chloride in the presence of aluminum chloride, (2) an aromatic sulf¬ 
oxide, or (3) a Bulfinic acid in the presence of concentrated sulfuric acid. 
Trknethylsulfonium iodide is formed from the reaction of trithioformal- 
dehyde with methyl iodide in a sealed tube (p. 928). 


Reactions of Sulfonium Salts 

Pyzolysts. Since the reaction of an alkyl haEde with an alkyl sulfide 
is reverdble,^ distillation of a suEonium salt gives the haEde and 
sulfiide. 

DiitQ 

R*S+I--^ RSR + RI 

The reaction occurs readily j this may account for the ease of conversion 
of unsymmetricai sttlfonium salts to mixtures containing the symmetrical 
salts.^ For example, trimethylsuEonium iodide and triethylsulfonium 
iodide are amtmg the products formed by heating methyldiethylsul- 

'"KUsen, Bcr.,l«, 1880 <1887); Maa 80 nuidKirUMid./.C%«M.Smi..H, 136 (1880). 
KUngwr. Ber.. 18, 881 (1882). 

Klingar Md Mginwm, Ann., Mt, 258 (1889). 

Smile* aad LaRoieignol, Free. Chmti. Soa., M, 1S8 (1908); J. CAem. See., 88, 896 
( 1906 ). 

Ber H>a X On, Omi., M. 267 <1987)- 
Meetdov end Befal, X Am. CAem. Soc.. H, 2177 (1(»4). 
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foniiim iodide in aqueous solution. Alkyl interchange has also been 
brought about”* by heating a sulfonium salt with alcohol; at 130" 
triethylsulfonium iodide in methanol gives trimethylsulfonium iodide. 
Heating sulfonium salts with an excess of sodium sulfide produces dial¬ 
kyl sulfides; *** this may be due to the disproportionation of the sulfo- 
nium sulfides. 

2(CH3)«S+I- {(CH,)i3+)*S- 3(CH*),8 

Formation of Addition Compounds. Sulfonium halides form addi¬ 
tion products with salts of the heavy metals such as the halides of 
copper, mercury, zinc, cadmium, manganese, iron, tin, and platinum. 
These same products are obtained by the reaction of an alkyl halide with 
salts formed from sulfides.”**” 

RsS+I- R,S+EgI,- lUS—Hgl, 

Sulfonium compounds are often isolated from reaction mixtures as 
their addition products with heavy metal salts. Sulfonium salts give 
crystalline addition products with iodoform.'®* 

Reactions of Sulfonium Hydroxides 

Pyrol 3 rsis. The sulfonium hydroxides '** may be isolated from 
aqueous solutions by evaporation under reduced pressure; they readily 
decompose, forming an olefin and a sulfide. 

f C,H* 

I 

CsHt—S—C 2 H 6 

This reaction is similar to that obtained by decompositaon of quaternary 
ammonium bases. 

Basic Reactions. The sulfonium hydroxides dissolve in water to ^ve 
solutions which are as basic '*’ as aqueous sodium or potassium hydrox¬ 
ide, Salts are formed by reaction with acids; hydrogen sulfide, for ex¬ 
ample, produces“* sulfonium sulfides. 

2RjS+OH- -h H,S -+ (R8S+)*S- + 2HsO 

ui Patein, BuU. toe. chim., (3] 1, USO (1S89). 

u< Hoffman and Rabe, Z. tmg4V>. Chem., 14 , 296 (1887); ibid., 17, 26 (1898); Stitoi- 
iKffm, Ber., 31, 2283, 3286 (1898); Ber., 33,823 (1900); J. prakt. Chon., 13} 66,423 (1902); 
Rmudia'w and Searle, J. vim. Chem. S^, 68,4961 (1933). 

“* SbiilM, J. Chem. 8oe., 77, 160 (1900), 

»• Bayer and Co., (Ser. pat, 97.207 (CAem. Zenlr.. U, 624 (1808)]. 

Oitwald, J. prakl. Chem., (2188, 366 (1886). 

Alvisi, Z. anorg. Chem., 14 , 302, ^ (1897); OUnve, Hugbea, and hiatid, J, Chem, 
Soe., 236 (1936). 

tt* Cattouts, Ann., 186,161 (1866). 


OH- C2H*SC;Ht + C;H*==CH* + H,0 
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ftitfonitim hydroxides ^ liberate ammonia from ammonium salts, form 
carbonates by reaction with carbon dioxide of the air, and react with 
me^dHc aluminum with the liberation of hydrc^^. 

Vn. SULTOXIDES 
General Characteristics 

The sulfoxides * are odorless, relatively unstable compounds which 
decompose upon distillation at atmospheric pressure. Diaryl sulfoxides 
smd dialkyl sulfoxides of fairly high molecular weight are solids. The 
dialkyl sulfoxides of low molecular weight are low-melting solids (e.g., 
O 
T 

QjHjSC^Hs, m.p. 4-6®); they are soluble in water, alcohol, and ether. 

The resolution of unsymmetrical sulfoxides (p. 421) shows the tetra¬ 
hedral structure of the sulfur atom in these compounds. 

The following discussion will be limited to those compounds in which 
O 

T 

the —S— group is attached to two carbons. The so-called disulfoxides 
O O 0 

T r r 

(R—S—S—R or R—S—S—R) will be considered later. 

i 

0 


Preparation 

Bjr the Ozidatbn of Sulfides. The oldest and most common method 
for the preparation of sulfoxides is the oxidation of sulfides.'*® 

O 

T 

R—S—R + O R—S—^R 

Probably the best general procedure is the addition oi the theoretical 
amount of 30 per cent hydrogen peroxide to a solution of the sulfide in 

o 

T 

* It duMikl b« noted that the R—S— group ii known ai a ndfinyl sroop- Tor esam- 
ple, ethyl sollorade ntay be called ethyliolfinylethane [Pattenon. J. Am. Chtm. Soo., U, 
aeOft (1033)1. i^ould not be eonfuaed with the convention in the (dder literature by 
wldch the ■uUonium eompounde are known •* eulfinee (Snlfinverbi n d un ga in) (p. 807). 

> »*eaytMir. Aimn !». 9H <1800); Afm., tU, Itt (1807). 

‘i. Oaader and Bmi l nt, J. Chm. Sue.. 98, ISM (1908); <&) HinriMiS. RWm 08. 289 
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e^adal acetic acid or acetone; the reaction mixture is then allowed to 
stand at room temperature for one to six days. Other oxidizing agents, 
such as nitric acid,^*^ chromic add,^*’ hot aqueous potassium permanga¬ 
nate with acetic acid as a solvent for the sulfide,and perbenzoic 
add,*" may be used. 

By Hydrolysis of Dihalides of Sulfides. Many dichlorides and di¬ 
bromides of sulfides (p. 858) react with water to give sulfoxides. 
The hydrolysis may be carried out more readily with dilute alkali or, in 
the case of sulfide diiodides, with silver acetate. 


HOH 

ySBr*-» 

R/ 



O + 2HBr 


By the Friedel-Crafts Reaction. Diaryl sulfoxides may be ob¬ 
tained by the reaction of aromatic hydrocarbons with thionyl chloride 
in the presence of aluminum chloride. 

O O 

t T 

2ArH -I- Cl—S-a ArSAr + 2Ha 

It is reported that sulfur dioxide may be used in place of thionyl 
chloride. 

From the Grignard Reagent. Sulfoxides are among the products 
obtained by the reaction of the Grignard reagent with thionyl chlo- 
ride,^**' alkyl sulfites,^** or sulfonyl chlorides.®'® 

2RMgX + a—S—a R—S—R + MgX, + MgCli 

i i 

o o 

*** Beckmanii, J. prakt. Chem., [2] 17, 441 (1878); Grabowsky, Anik, 171, 348 (1875). 

“» KnoU, J. prakt. Chem., 118, 40 (1926). 

Otto, Ber., IS, 1272 (1880). 

Lewin, J. prakt, Chem., 119, 211 (1928). 

Fromm, Z. angeto. Chem., S4. 1126 (1911). 

(a) Colby and McLoughlin, £«-„ SO, 195 (1887) ; (&) Parker, See., SS, 1844 (1890): 
(e) Smiles and Hilditcb, Proc. Chem. Soc., S3, 161 (1907); (d) Smiles and Bain, J. Chem 
Sac., 91, 1118 (1907); (e) SohOnberg, Ber., W, 2275 (1923). 

Grignard and Zom, Compt. rend., ISO, 1177 (1910) ; Bart, Brid., 178, 1820 (1924). 

Streokm^, Ber., 43, 1131 (1910). 

^Hepworth and Clajdiain, J. Chem. See., 119, 1188 (1921). 
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Reactions 

RHUh Acids. The suIfoxideB are slightly basic.*’" They are more 
soluble in aqueous acid than in water, and treatment with hydrochloric 
or nitric acids may ^ve isolable salts. For example, when nitric acid 
is used for the oxidation of a sulfide to a sulfoxide, the product is the 
nitrate of the sulfoxide. Treatment of these salts with alkali, or in some 
oases with water, produces the sulfoxides. 




+ HNOr-» .y«-O HNO» 


The structure of these salts is not definitely established. The proton 
from the acid might become attached to the unshared pair of the sulfur 
or of the oxygen; the products could therefore have either structure A 
or B or could be a mixture of these two tautomers. 


■ R 

+ 

- R 


NOa- 

:S:0:H 

. r” . 


. R ” . 


NO»- 


A 


B 


With hydrogen bromide or hydrogen iodide the sulfoxides give 
products **•' identical with those obtained by the addition of 
halogens to alkyl sulfides (p. 858). 

RjS—K) + 2HBr —» B^S • Br* +. HtO 


With alcoholic hydrogen chloride at 100® in a sealed tube, sulf¬ 
oxides may be reduced to the sulfide or may undergo fission. 


0 

T 

RSR 

0 

T 

CiHiiBCtHu 


AloohoUs HCl 


100 ' 

Alo(d>oli« BC3 


> RSR 


100 * 


> CiHijSH + C4H»CH 


With Reducing Agents. Sulfoxides are readily converted to sulfides 
by reduction. Zinc and acetic acid *"• *•** are probably tiie most 
satisfactozy nmgents for this reaction, but hydriodic add,‘** jdiosphorus 

Fnui, Oast. Mm. M.. 4S, IZ, 186 (1916). 

2* (a) PWam tt al.. Atm., 8M. 76 (1«1«); (6) Hotouum and Ott, fiw., 66,4080 (1007). 
^(a) Snqrthe. /. 8oe.. 06, 340 (1900); (W Qaadar and aaaa«, Md., W, 8860 

<^)! («) Hfldltoh, Bttr., 64 3883 <1011), 
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pentachloride,^** and hydrogen chloride*®** (see preceding paragraph) 
may also produce sulfides. 

RSR + H,0 

r/ 

With Aqueous Chlorine. Chlorination of sulfoxides in the presence 
of water causes cleavage of the sulfur-carbon link, giving sulfonyl 
chlorides and alkyl chlorides. 

0 

t 

C 4 H 9 — S— C 4 H» + 2Clj + HjO -» C 4 H 9 SO 2 CI + C 4 H 9 CI + 2Ha 

Other Reactions. Oxidation of sulfoxides occurs readily, giving sul- 
fones (p. 874). Sulfoxides form addition products with ferric chloride.**** 
Diphenyl sulfoxide is dehydrated by sodamide, giving dibenzothio- 
phene.**^' 


0 



It is of much theoretical interest to know whether the sulfoxide 

f n 

structure \— S —/ may influence the reactivity of adjacent substituents 
in the same way as common unsaturated groups influence the reactivity. 
The full explanation of this question will be given in the discussion of 
sulfon^ and the results of the study of sulfoxides will be summarized 
at that point. 


VnL SULFONES 
General Characteristics 

Monosulfones which contain no other functional ^oup ate ocdorlees, 
odorless, neutral compounds and are usually solids at room temperature 
(e.g., dimethyl sulfone, m.p. 109®). They are extrrandiy sta^ both 
toward chemical reagents and toward pyrolysis; for exampl e ^ <£-p-tolyl 
sulfone (m.p. 158“) boils at 405“ without decompodtioar. Tite mlfcmes 
Of low molecular wd^t are quite soluble in water. 
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Prepantion 

By Oxbiatfam of Sulfides and Sulfoxides. Since the sulfides are 
readily available and the methods for thdr oxidation are excellent, they 
are probably the piost general source of sulfones.**** Sulfoxides are also 
readily oxidu^d but, sinoe they are also made from sulfides, are seldom 
used as starting materials in sulfone syntheses. 

Hydrogen peroxide (30 per cent aqueous solution) is a very 

satisfactory reagent for the oxidation of sulfides and sulfoxides to sulf- 
ones. Acetone or acetic add are usually employed as solvents, and in 
some cases better yields have been obtained by using a solvent mix¬ 
ture of acetic acid and acetic anhydride. Oxidation is often exothermic 
and the reaction mixture may require cooling at first; it may then be 
allowed to stand at room temperature until oxidation is complete. 

O 

o T 

B,“—S—R—S—^R 

X 

0 


I o I 
R—S—R -♦ R—S—R 

X 

o 


Potassium pernumganate “ • and chromic add are also satisfactory 
reagents for the oxidation of sulfides to sulfones, and some oxidations 
have been carried out using perbenzoic add.^"' 

By the Action of Alkylating Agents on Salts of Sulfinic Adds. The 
salts of both aliphatic and aromatic sulfinic adds react with alkylating 
agents to gX^e sulfones.”* 

O 

T 

R80*Na + BX-* R—S—R + NaX 

X 

O 

The reaction is limited to alkyl halides, sulfates, etc., and to activated 

^ V. Oefol*, Aatk, SSt, 86 

** (a) PumoiMcr, Bm-.. 4S, 1M7 (1010); (6) PomwatiU and Connor, J. Am. Ch/m. Sae^ 
fll,SSM (1030). 

Bom, Tnmer, Ud Norton, /. Am. Cham. Soe., Si, 1086 (1932). 

Sfariner, Strn^ nnd Jorio^ Aid., tS, 2060 (1080). 

5* )Uwin, /. prflJM. Cftwm, US. 283 aSSS). 

Ser., 12, 1273 <1S80). 
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aromatic halides, such as o- and p-nitrochlorobenzene. Thou^ the re¬ 
action is usually satisfactory it should be pointed out that the sulfinates 
are generally not so reactive in metathesis as are the mercaptidee; o(V 
casionally the sulfinates are unreactive with halides which will react 
with mercaptides. Tertiary halides apparently do not give sulfones 
by this method. 

Compounds such as ethyl a-cbloroacetoacetate, ethyl chloromalo- 
nate, diacetylchloromethane, and dibromobarbitmic acid which contain 
“positive” halogen cause oxidation *** of sulfinates, as well as of mer¬ 
captides (p. 854). 

ONa 

1 

o==c— c— 

I II 

RSOJSTa + XCH -♦ RSOjX + CH 

1 1 

o=c— o=c— 

Compounds with two halogens on the same carbon atom do not give 
disulfones.”’ Since the initial product of this reaction is an o-halo- 
sulfone, failure to obtain a disulfone is in agreement with the known be¬ 
havior of a-bromosulfones (p. 882). 

By the Friedel-Crafts Reaction. Diaryl sulfones are obtained by 
the reaction of sulfonyl chlorides with aromatic compounds in the 
presence of aluminum chloride.*** 

O 

T 

RSOjCl + ArH R—S—Ar + HCl 

i 

O 

By Reactions of Olefins with Sulfur Dioxide. The reaction of mono¬ 
olefins with svilfur dioxide gives linear polysulfones, which are described 
in detail elsewhere (p. 765). 

\ / II II i I 

+ SO* —> —c—c—so*—(c—c—so*)n— c—c— so* — 

II II II 

Otto and Rdssing, Bar., S3, 766 (1890); Kohler and MaoDomld, Am, Chem. J,, 11, 
227 (1809). 

'** Michael and Palmer, Am. Chmn. J., 6, 253 (1884); Otto and RnaeUuurdt, Ber., IS, 
1836 (1886); Otto, Ber., 11, 668 (1886). 

■a Beckuirte and Otto, Ber., 11, 2066 (1878): Olivier, Sec. frm. ehim., SS, 244 (1914); 
CAem. Weekblad, U, 372 (1914) 1C. A.. 10, 196 (1916)]; KucaynaU, XOteayn^, and 
Sucharda, BoemOi Chem., 18, 626 (1938) [C. A., 84, 3246 (1940)1. 



876 


ORGANIC CHEMISTRY 


WiUi conjugated dicdeOna ^ 1,4-additioii occurs with the formation of 
cyclic monomeric sulfones. The addition product from isoprene gives 
an equihbrium mixture of unsaturated sulfones on treatment with 
alfeali . 

CH^-CH 

II II + so* 

CHt CHi 


CHr-C—-CH, CHr-CH-CH 

II I ^ I II 


CH CH, CH, CH 



CHr-C= 


=CH NaOH 


CH, CH, 

X 

O 0 


The monomeric sulfone from butadiene gives the diene upon heating; 
this has been applied to the purification of butadiene.*** 


CH==CH 


CH, CH, 


SO, 


so, + CHr==CH-CH=CH, 


Other Methods. The preparation of sulfones by addition of sulfinic 
acids to conjugated systems will be discussed later (p. 918). Diaryl 
sulfones have been obtained by the action of phosphorus pentoxide on 
a mixture of sulfonic acid and aromatic hydrocarbon. 

O 

T 

ArSO,H + ArH + P,0* 2HP08 "i" Ar—S—^Ar 

i 

O 


Sulfones are usually by-products of the sulfonation of aromatic hydro¬ 
carbons. They appear to be formed *’* by the iction of 820 # on the 
hydrocarbon and not, in this case, by condensation of the sulfonic add 
with the fagi^ilpoccu'bon. Sulfones have also been obtained by the direct 

**< BacilA a&d Stratinc. Rec. trm. ckim., BS, fi26 (1934); Md., M. 170, 618 (1036); 
BBarnkm mod vmu Shtydewijii, JProc. Acad. Sei. {Anulerdam), 40, 23 (1937) (C. A., Si, 
4M3 (1037)}; van Zuydewijn, Rtc. (too. chim., M, 1047 (1937); Alder, Rickert, and Winde- 
rnem, Bct^ n, 2461 (1938). 

*** Staudinger and Ritamthaler, R«r., 40, 466 (1936); Johnaon, Jobting, and Bodamer, 

dm. Chem. 8oe.. SS. 133 (1941). 

*>* Miohaat and Adair, Bar., », 683 (1877}; U, 116 (1878). 

*** Mtohaal and Wemer, J. Am. Chem. Soe., IS, 294 (1936), 
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action of sulfur trioxide or chlorosulfonic acid*“ upon aromatic 
compounds. 

Reactions of Simple Sulfones 

This section will be limited to a consideration of the reactions of 
monosulfones which contain no other functional group. The reactions 
of disulfones and of substituted sulfones may be considerably different 
from those of simple monosulfones and will be discussed in another 
section. 

With Reducing Agents. In contrast to the sulfoxides, the sulfones 
are stable toward most reducing agents. Diphenyl sulfone*‘* is im- 
changed by treatment with phosphorus at 250° and can be distilled un¬ 
changed from zinc diost. Reaction of diphenyl sulfone with sodium 
in hot xylene gives biphenyl and sodium benzenesulfinate. 


O 

t 

2C«H5—S—C.H. + 2 Na 

i 

O 


2C^6SO,Na + 


Some sulfones are reduced to sulhdes by the action of sulfur, but the 
reaction is apparently not general.***' *** 


0 

T 

CftHi—S—C*Hs S 

i 

0 


CeHt—S—CeHt + SOi 


With Alkali. The simple sulfones do not react with aqueous alkali 
under ordinary conditions but are cleaved*** at high temperatures. 
Diaryl sulfones yield products different from those obtained from dial¬ 
kyl sulfones (p. 1839). The alkaline fusion of sulfones appears to be a 
complex reaction giving, in the case of diphenyl sulfone,*** biphenyl and 
phenol. 

O 

T run 

C«Hs—S—C«H, -f KOH - 


0 


Ce£[t—C»Ht + KiSO$ + C€H»OH 


xr Zom and Bnmd, Compt. rend., 119, 1224 (1S94). 

UUmann and Korselt, Ber., 40, 641 (1907). 

“• Krafft and Voreter, Ber., 96, 2813 (1803). 

^ B&eaeken, Rae. trot, chim., 30, 137 (1911). 

*« Fenton and Infold, J. Chem. Soc.. 2338 (1929). 
*•* Otto, Ber., 19,2423 (1886). 
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Smooth cleavages of aryl sulfones uiu^ mild conditions are aoo<M&- 
plished by treatment with sodamide and piperidine. Dial^l sulfones 
toe imchanged under these conditions. Diaryl sulfones or alkyl aryl 
sulfones ^ve N-arylpiperidine and the salt of a sulfinio acid. 


C^,-i—Cdi, + NaNH, + HN(CH0« 

i 


CJffr-i—CHi + NaNH, + HN(CH.), 

i 

O 

C^HfCH,—“-CH,C#H, 

i 


C,H,N(CH,), + C,H,SO,Na + NH, 


C,HJ^(CH,), + CHJSOJ^a + NH, 

no reaction 


Other Reactions. Phosphorus penta chloride usually does not react 
with sulfones, but dinaphthyl sulfone is converted at high tempera¬ 
tures to the sulfonyl chloride and chloronaphthalcne. 


CwH,—SO,-C«,Hr -f PCI. -► C«,H,SO,a + CioH,Cl + PCI, 


Highly methylated diaryl sulfones are hydrolyzed ** to hydrocarbons by 
the action of concentrated hydrochloric add in a scaled tube. Hot con¬ 
centrated sulfuric add may give the sulfonic add. 

O 

T 

At—S— At- 

i 

O 

The reactitm of sulfones with the Grignard reagent is discussed Isder 

(p. 881). 

Certain splfones give novel rearrangement and sulfonyl interchange 
reactions wmcb are Ulustatited below. More complete reviews of this 
subject may be found elsewhere.*** Some of these reactions are rever- 
8iWe.*« 

Bradley, /, Chan. 408 (1838). 

Clev«, Burr. eoc. eMm., M, 200 (1376). 

** Jaeobeen, Ber., M, 900 (U»7). 

^ Ann. Rtporu Chem. Soc. (I/mdan), 88,197 (1989). 
f* Coate and Oibaou, /. Ohm. 8oe., 442 (1948). 


Cono. na 


(SMlsdtobe) 


+ 2ArH -I- HtSOe 


BtSO« 


(Hot, eoao.) 


> AiSOaH + ArH 






m 
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chaage not only most have a etroog electron attraction but also must 
provide a euitable seat for the charge on the anion. The enoiization 
of a carbonyl compound is an example of prototropy in a system ful¬ 
filling both these requirements. 


H 

—C:C::0 H+ + 

1 I ••• 

a fi y 


[-C=C=.,0]-^f-C=:C:0:j 


Mesomerio 


U 

—C;:C:6:H 


£tiol 


The corresponding 0- and -y-atoms in sulfones are connected by a single 
pair of electrons, and the anions are therefore different from those pic¬ 
tured above. 

0 


H 


T 


R 
fi y 



r 0 1 

- 

0 1 


.. T .. 


T .. 

H+ + 

-—Cj Sj Oi 

1 ( •• 


~C::S:0: 

f 1 •* 


1 1 

R 


1 1 

L R 

14. 


O 

T.. 

—C::S:0:H 


R 


One of the formulas of the anions has an unshared electron pair on car¬ 
bon, and the other requires that sulfur expand its valence shell to ten 
electrons.* It will be shown below that anions derived from the sulfones 
may be formed. These will be represented by noncommittal formulas 
since it appears that neither of the alternative electronic formulas is 
universally accepted. Regardless of the opinion concerning this struc¬ 
ture it must be conceded that the sulfone group is an electron-attracting 
(+1) group! with leas tendency than other such labiliring groups 
(—NO 2 , etc.) to imdergo polarization t {E effect, 
p. 1847). 

* For a mot* dataflod diseiuaion aw Shriner, Struck, and JoriaoB. J. Am. Chm. Soe., 
SI, 2060 (1030) ; GilMcm. Chem. Rev., 14, 431 (1034); Arndt and Martias, Ana., 4M, 328 
(1032). 

t In other worda the auUcme group increaaee the oddity because it fadlitatea the 
mfumd of a proton but it haa BO greet tendency to iwrtidpate in enoliaation. Tfaoiuatifir* 
enfion of this vieirpcentiadiacuaaed by Arndt and Martiua (2oe. oil.). A oondae eummaiy 
lllatew in Aiw. Jiapta. <;!&ea«. The torma X end « aOeota 

Itifnaed in the mbm aense oa In C3ia«ter 3&. 

t 
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From the above consideration it may be said that differences between 
the Bulfone group and the other labilizing groups in their activation of 
hydrogen in the a-position will be due to the following: (1) the high 
electron attraction of the sulfone group; (2) the failure of the sulfone 
group to provide a suitable seat for the charge on the anion; (3) the ne¬ 
cessity in many cases for the sulfones to react by different reaction 
mechanisms. This third difference arises from the fact that the sulfone 
group does not contain a normal covalent double bond; therefore, re¬ 
actions involving preliminary addition to an unsaturated function would 
require, in this case, expansion of the valence shell of sulfur. Thou^ 
this possibility cannot be rejected the tendency for the sulfone to 
react in this way would at least be considerably different from the tend¬ 
ency of an unsaturated group (e.g., carbonyl) to undergo addition. 
Therefore, a comparison of the behavior of sulfones with that of com¬ 
pounds containing unsaturated labilizing groups should reveal the 
properties due to electron attraction with complicating factors (enoli- 
zation, addition, etc.) minimized. 

Activation of hydrogen in the a-position by the sulfone group is 
shown by the reaction of sulfones with the Grignard reagent, 
liberating a hydrocarbon and forming a halomagnesium derivative of a 
sulfone. 

P-CH,C*H4S08CH3 -b RMgX-> RH + [p-CH,C»H4SOjCHs]MgX 

The halomagnesium derivatives behave like enolates in their reactions; 
they may be acylated, alkylated, or halogenated and upon hydrolysis 
regenerate the sulfone. 

TTY 

[RSO*CHj]MgX- > RSOsCH, + MgX, 

In some cases sulfones do not react with the Grignard reagent at room 
temperature; temperatures of 75-80° will bring about reaction. When 
two sulfone groups are attached to the same carbon (methylene disul- 
fones, RSO 2 CH 2 SO 2 R.) the acidity of the hydrogen is more pronoimced; 
these compounds react with the Grignard reagent at room temperature 
and at high temperatures react with two moles of the reagent. 

(BBO»)«CH, [(R802),CH3MgX [(RSO,),C](MgX), 

R'H R'H 

*** Sidgwick, “The Electronic Theory of VeleDcy,” Oxford University Preaa, London 
(1920), p. 162. ReoMSit ezperimenta eugseet that in certain sulfides tike snlfur may expand 
its valence shell, and thus cause activation of the methylene group: Rotiutein, J, Chem. 
Soe., 1650, 1663, 1668,1660 (1940). 

*** (a) Kohlw and Tishler, J. Am. Chem. 8oe., BT, 218 (1936) ; (6) RcAiler and Pottmr, 
bid,, 67, 1316 (1935); (c) Kohler and Larson, ibid., 67, 1448 (1<^. 
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The reaction of the Grignard reag«it Trith soHones is analogous to that 
with ketones in whidi sterio hindrance prevatits addition to the carbonyl 
e^up (p. 646). 

While in simple sulfones the hydrogen is not sufficiently activated 
to fonn sodium salts readily, methylene disulfones react with sodiiun 
ethoxide and in some cases ** with dilute aqueous alkali to form sodium 

derivatives. Trisulfonylmethanes, (RS02)3CH, are still more acidic."® 
Methylene disulfones behave like enoliaable compounds in the reaction 
witii mercuric chloride-sodium ethoxide. 

A few cases are known in which sulfones tmdergo reactions that are 
considered ts^pical of compoimds containing hydrogen activated by 
unsaturated groups (such as carbonyl). Methyl p-tolyl sulfone re¬ 
acts "" with benzaldehyde to give low yields of an unsaturated sulfone, 
a reaction analogous to the formation of benzalacetophenone from aceto¬ 
phenone and benzaldehyde. Benzyl p-tolyl sulfone rmdergoes the 
Michael condensation,"* and the reaction"* of a disulfone with for¬ 
maldehyde in the presence of a secondary amine is analogous to the 
Knoevenagel reaction. 

CH,C.H480,CH, + CsHjCHO- > CH,C6H4SO*CH=-CHCja4 

C,H,CH-=CHCOC*H, CeHiCHCH^COCOI* 

+ I 

C.H,CH*S0*C7H, CJIiCHSOsCjHt 

2(RSO,),CH, + CHfO ■■ > (RSO,)jCHCH|CH(SO,R), + H,0 

These reactions and the alkylation*®'’ » of metallic derivatives of 
disulfones are indications that activation of hydrt^n by the sulfone 
grou|> is similar to that by the ketone and other unsaturated groups. 
These results can be explained dther by assuming that sulfur may ex¬ 
pand its valence shell or that enolization is unnecessary for these re¬ 
actions. The failure *“■ *" of other active methylene reactions to occur 
with sulfones may be attributed to (1) the lesser activating power of the 
sulfone group, (2) the necessity of an enolic intermediate, or (3) a re¬ 
action mechhniran requiring addition to an unsaturated group. 

Influence t^ion Hah^en. The sulfone group causes o-halogen to be 
inactive as fur as me tathesis reactions are oonoemed,*"' "® sussesting 

"■ Cowia andtHbaoB. /, CW Soe.. SOS (1033). 

sa Connor, Slamins, nod CiUyMa, J. Am, Ch*m. Soe., H, 1886 (1036). 

"* Kots, Ber., M, U2S (1000). 

^Shriner and Oremlce, J. Ort, Chom., 4, 243 (1080). 

. I" BamM, KuadinKW, mud MeBirtia, J. Am. Chem. Soe., 88. 1288 (19^. 

Midtud and P9 )ib«v Am. Ckom. 8. 268 (1884). 
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tJiat the increased reactivity usually associated with ot-halo estOTS, 
ketones, etc., is a result of a preliminary addition reaction. The sulfone 
group activates a-halogen ***” “■ ***“• ’***-**• in respect to oxidation reac¬ 
tions ("positive" halogen). 

RSOiCH,Br + 2NaSR’ + C,H,OH -» RSOiCH, + R'SSR' + NaBr + C,H»ONa 

Influence upon Sulfone Groups. In general, the disulfones and poly- 
sulfones are less stable than the simple sulfones. Disulfonyhnethanes * 
are not hydrolyzed by alkali, but trisulfonylmethanes ^ are cleaved 
to disulfones and sulfonates. 


(RSOs)jCH + NaOH -» (RSOs)*CH* + RSO,Na 


When sulfone groups are attached to adjacent carbon atoms, cleavage 
occurs more readily than when the groups are on the same atom (Stuffer’s 
rule “*). The cleavage reactions of ethylene disulfones produce sulfi- 


nates.**' **’-**• 


RSOjCH^GHaSOiR 


NaOH,l 
- * 

KCN 

- y 


RSOjCH^HjOH + RSOjNa 
2RSO,K + CNCH,CH,CN 


The alkaline hydrolysis of ethylene disulfones has been applied in studies 
of the structures of the linear polysulfones from sulfur dioxide and 
olefins (p. 766). 

Trimethylene disulfones are not hydrolyzed by alkali, but a 
tetrasulfonyl propane is reported ** to give formaldehyde and the di- 
sulfone. 

(RSO,)jCHCH,CH(SOjR)» CHjO + 2(RSO*)2CH, 

«-Disulfones may be prepared by oxidation of sulfinic adds, by re- 

••• MeUander, .dr*!:* Kemi, jtfineroZ. Ged., UA. No. 16, 32 (1937) \C. A., SI, 6763 
(1937)1; Sameu, Arkiv Kemi, Mineral, deal., UB, No. 61 (1938) [C. A., SS, 4620 (1938)}. 

• SuUonal (CH,)jC(SOaCiH*)*, trionai CtH*C(CHj) (SOtCiH*)*, aad taWonal 
(C|H()/)(SOiCiHt)i are used as soporifics. They are prepared by osidatioii of Qm ar>tnt>- 
priate mercaptols or by alkylation of a disulfone obtained from a meroaptaL [Rmimamw, 
Ber., 19, 2808 (1888); Baumann and Kast, Z. phyriol. Cftetn., 16, 62 (1889)]. 

Hobnbers, Ber., 40, 1740 (1907); Baumann and Waltw, Bar., M, 1124 (1893); 
Baumann, Ber., 84, 2272 (1891); Otto, Ber., 84, 1832 (1891). 

u* Stuffer, Ber., 83, 1408, 3326 (1890). 

Otto and DamkoUer, J. praH. Oum., [2] 30,171 (1884) j Otto, Otitf., 80, 301 (1884). 

MS Autenrieth and Wolff, Ber., 88 , 1368 (1899). 

MiHilditcb. J. Cfiem. Sac., 93, 1624 (1908); Hmafa«i«. B«r.. 48, 2^3 (1910); KoUei 
aad MacDonald, Am. Chem. J., 88, 219 (1899); Pearl, Evans, and Deto, J. Am. Cfiem. 
Boc., M, 2478 (1938). 
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action of a salt of a sulfinic add with a sulfonyl chloride, or by treating 
a sulfonyl chloride with sodium or potassium. 


RSOjNa + RSOjCl 


2RSO*Cl + Na 

(orK) 


> 


o 

t 

R—S- 


i 

O 


o 

T 

-s- 


i 

o 


-R * 


KMnOi 

CH,cooir 


2 RSC}«H 


o-Disulfones are easily split by alkaline hydrolysis. 


RSOjSOjR + 2NaOH -► RSO»Na + RSO.Na + HjO 


TJnsatuiated Sulfones. a,/S-Unsaturated sulfones react like a,;3-un- 
saturated ketones with malonic ester,““ sodium mercaptides,”* the Grig- 
nard reagent,“• conjugated dienes,*** and other reagents.*** 


CHr- 


-CH 


ch,(cxxx:h,). 


C.H.CH—CHSO,Cja:4CHjr 


+N»OCH, 


KSNa 


> CtHsCHCHjSOsCeHiCHi 


RM«X 




CH(COOCHa)t 
-V CJHaCHCHaSOiCaHaCH, 


SR 

' CaHaCHCHSOaCaHiCHal 

I MgX 

R J 

|hoh 

CJisCH-CHa80jCeH4CH, 

I 

E 


CH, CH 

^so/^ 


+ 


/\ 


c— 

I ■ 

C-^ 


CH,- 


-CH C— 


CH, CH C— 

^ao/' 

/\ 


These reacrions are of oonaderable interest because the question *** of 
tiie ability of rite sulfone grcsip to function as a part of a conjugated 

*•* aider, RKtort, and Wiademuth, Aer., 71, 24fil (1038). 

***aie»>r»det imd McCtHobte, /. Ckem. Soe,, 1913 (1931) ; Brit. pat. 450,369 {C. d.., 
IS, Ilk (1937)1; Ger. pat 086,998 10. d., 81. 116 (1037)]; Gar. P*t. 6S3.992 (C. d.. 38, 
mmmh tJ. S. pet 2.140^608 lO. X, 88 , 3686 (1939)}; U. K pet 2,140,00910. d., 88 , 
kStl a93»)}. 
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system has some bearing on the theoretical considerations (expansion of 
valence shell, etc.) already discussed. For example, the produtcts ob¬ 
tained from the reactions of a,j3-unsaturated eulfones with the Grignard 
reagent behave like those obtmned from the reaction of a,|3-unsatu- 
rated ketones. This suggests that the reactions of the sulfones, like 
those of the ketones, occur by 1,4-addition with expansion of the valence 
shell of sulfur. 

In unsaturated sulfones with a methylene group between the double 
bond and the sulfone group, tautomerism may occur »i». 244 jj^ ^he three- 
carbon system. 

NaOH 

C«H6CH*SOjCH==CHCH2SOiCiH, ^ " > C«HjCH2S02CH,CH=CHS0*C,H, 

60 % 40 % 

o-Sulfonyl Ketones, Acids, etc. The a-sulfonyl acids may be iso¬ 
lated but are readily decarboxylated by heat.*“ The sulfonyl group is 
apparently effective “• a*®' in causing the hydrolysis or alcoholysis of 
keto and other groups. 

RSOjCHjCOOH-RSOjCHs + CO, 

CdBsSOsCHCOOCsH, + C,H 40 H ——V 

I C,H6S0,CH8C00C,H» + CHjCOOCiH. 

COCHa 

KOH 

CsHsSOaCH,COCHa -> CeHsSO,CHa + CHaCOOK 


Conq>arison of Activating Effects of Sulfone 
and Sulfoxide Groups 

The important difference in the electronic structures of sulfones 
and sulfoxides is that the sulfoxides have only one coordinate link and 
hence retain an unshared electron pmr. The sulfoxide group, therefore, 
does not have a strong attraction for electrons and does not activate 
hydrogen in the a-position.**^ 

Bothstein. J. CJum. Soo., 684 (1934); Oad.. 309 (1937). 

«• Otto, Ber., M, 89, 992 (1888). 

*** Otto and Otto, J. prokt. Chem., [2] 36, 401 (1887); Otto amd RSasing, Ser^ I3i 
7S2 (1890). 

x’Haiomiok aod WiUiams, J. Chem. Soc,, 211 (1938). 
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IX. SDLFOmC ACIDS AJW TEDEXR DERIVATIVBS 


General Characteristics 


Many aliphatio sulfonic adds * are highly hygroB(»}inc. Those of 
low molecular weight are high-boiling liquids (e.g., CHsSOaH, b.p. 167® 
(10 mm.]), but the higher members of the series are crystalline solids. 
Since —SO 3 H is a polar, water-solubilizing group, the aliphatic sulfonic 
adds which contain a long hydrocarbon chain are detergents (“hydro¬ 
gen soaps’’). Their sodium salts f are excellent detergents and may be 
used in hard water since the caldum and magnesium salts are very 
soluble. 

The aromatic sulfonic acids are useful intermediates in synthesis 
because the — SO 3 H group is readily replaced by other substituents. 
Many dyes contain this group because of its water-solubilizing 
action. 

Some of the aliphatic sulfonamides of low molecular weight are 
hygroscopic, but generally sulfonamides are crystalline solids which are 
well suited as derivatives for the identification of sulfonic acids or of 
amines. Aliphatic sulfonyl chlorides are lachrymatory liquids, but the 
aromatic sulfonyl chlorides are, with a few exceptions, solids. The esters 


^ \ 

T \ 

of sulfonic acids | R—S—OR | are isomeric with alkyl sulfites 


O 


/ 


( ” ) 
Vrosor/, 


but the two series differ conraderably in chemical and phymcal properties. 


*Tlie approved coovenUon [Pattmoa, J. Am. Chem. See., SB, 3916, 3930 (1933)] ia 
to aaBM aulfoiiio acida and their derivativaa aa derived from hydrocarbons. However, in 
the nmaeiudature of auUonee the acyl radicala derived from aulfonio acida are alkylaulfonyl 
radieato. For examine: CHaSO>H, methanaeuifonic acid; CBiSOjO, methaneaulfonyi 
ehi<»ide;''C«H(80i0CjH(. eth 3 H benaeneauUonate; CBiSOiCHiCOOH, metfaylaulfonylace- 
tie add; C«HiSOiCH|OOOH, phenylaulfonyUcetio acid. 

t nieM are not to be confoaed with the commoner "aoaplem deterge&ta,” which are 
aodium alkyl aulfatea, not aoifonates. Some of the sulfatea are prepared tQr neutralising 
the sjfcyl acid sulfates which are formed by the action of concentrated sulfuric acid upon a 
mixture of faid>-mcdeculsr-wdg|bt alcohols (average, about Cia) obtained by the hydrogena¬ 
tion dyceridea. 

EOH R080.H EOSOiNa 


ThaM products are add in “Dreft" and “Drate." "Vd" is likewise a sulfate. 


-CH-CH, 8 ROOCH 1 CH-CH, -* R( 


OqOB OCX 


ocoa. ocoR 


I U Im 


PH 

[CHsOBOiNa 
"Vd** 
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Prqftaratioix 

By Sttlfonation. Alkanesulfonic acide are formed in low yields (less 
than 40 per cent) by the action of fuming sulfuric acid *“ or chlorosul- 
fonic acid upon paraffin hydrocarbons. 

EH + HsSO^ SOj RSOjH + HjSO^ 

The reaction occurs more readily with branched-chain hydrocarbons 
than with nor mal hydrocarbons. Some disulfonic acids are obtained ^ 
by passing sulfur trioxide through boiling paraffin. 

Sulfonation of aliphatic hydrocarbons may be carried out with sul- 
furyl chloride provided that pyridine, qtiinoline, or a sulfhydryl com- 
jKJimd is added to suppress the chlorination reaction. The reaction 
mixture is irradiated during sulfonation. In this way a 55 per cent yield 
of cyclohexanesulfonyl chloride may be obtained. 

The sulfonation of olefins is described elsewhere (p. 177), 

Sulfonic acids are formed by sulfonation during the refining of pe¬ 
troleum distillates, and their salts are used as detergents, emulsifying 
agents, wetting agents, cutting oil, etc. 

Carboxylic acids and anhydrides are more readily sulfonated than 
the hydrocarbons. Aliphatic carboxylic acids have been converted to 
a-sulfo acids by reaction with sulfuric acid,“‘ sulfur trioxide,and 
chlorosulfonic acid.“* Kinetic studies indicate the following mecha¬ 
nism for the sulfonation of acetic anhydride. 

(CHsCOsO -f HjSOi -» CHjCOOH + CHjCOOSOdH -> HO»SCH»COOH 


Aliphatic acids react with sulfuryl chloride in an unusual manner 
giving sulfonation in the /3-position. This reaction is favored by light 
and by the absence of peroxides. Peroxides catalyze the chlorinataon 
reaction, which occurs in the /3-, and y-positions. 


Peroddee 


CHjCHiCOH 


SOfOi 

-—> 

Dark 


Light 

-> 


^ aCH^HtCOOH + CH,CHaC00H 


3r% 


Wontall, Am. Chtm. J., M. 604 (1898). 

“• Young, J. Chtm. Soc., 78, 172 (1899). 

at Kharasch and Read, J. Am. Chtm. Soc., 61. 3089 (1939). 

Franchimoni, Compt. rtnd., 91, 1064 (1881); Ree. trm. ehim., 1 , 27 (1888). 
*" Melaens, Ann., It, 276 (1884). 

Baumatark, Ann., 140, 81 (1866). 

Murray and Ewiyon, J. Am. Chtm. See., U, 1230 (1940). 

*** Kharaaeh and Broarn, ibid., 68 , 926 (1940). 
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The sulfonation of aromatic h 3 r(lrocarbons is the common method of 
preparation of aromatic sulfonic adds and is too familiar to warrant 
a detailed discussion. The mechanism of this reaction has been ^s- 
008 ^ elsewhere (p. 175). Fuming sulfuric acid or chlorosulfonic acid 
are the sulfonating agents used. Chlorosulfonic acid appears to form 
the sulfonic acid first *** but an excess of it produces the sulfonyl chloride. 

ArH 4- H ^04 SO, ArSOaH + HaSO« 

AtH > HCl + ArSOaH —H»SO« + ArSO>a 

Mercuric sulfate and silver sulfate are catalysts for sulfonation. 

The temperature of sulfonation may have an important influence 
upon the ratio of isomers produced. For example, sulfonation of toluene 
at low temperatures pves a relatively large amount of the ortho isomer. 
o-Toluenesulfonic acid and p-toluenesulfonic acid are interconvertible 
on heating with concentrated sulfuric acid. The reaction is considered 
to be intramolecular. High temperatures (200-250°) are necessary for 
the formation of disulfonic acids. Disulfonation of benzene gives pre¬ 
dominantly the meta isomer with a small amount of the para derivative; 
high temperatures and the presence of moisture accelerate the formation 
of an equilibrium mixture of the two. Introduction of a third sulfonic 
acid group is usually brought about at a higher temperature obtainable 
with a sulfuric acid-potassium bisulfate mixture. 

Sulfonation of polymethylbenzenes or methylhalobenzenes *“ may 
give rearrangements. For example, durene gives pentamethylbenzene 
and a mixture of two trimethylbenzenesulfonic acids. 

Sulfonation has been suggested as a method for the identification 
of aiyl halides and ethers. 

. By Oxidation of Sulfhydzyl Compounds. The oxidation of lead mer- 
ctqitides by nitric acid ^ is an excellent method for the preparation of 
aliphatic sulfonic adds. The lead sulfonates obtained by this method 
are readily converted to sulfonic acids by treatment with dry hydrogen 
chloride in isopropyl alcohol. The yields are 60-92 per cent. 

«»•«’-W + 

M* Haidb*. J. Chem. See., «», 1281 (1921); Stewart, tWd., Jtl, 25M <1022). 

"’Bebend and Mertdaidaiuu Ann., STS, 352 <1911); Holdennaim, Ber.. SS, 1260 
(1W6). 

BoUmuim and Clataad, Ser., M, 2504 (1911). 

^ FoUlc, Bee. fro*, efctm., lA 416 (1010). 

*" Smitli and Caaa, J. Am. Ckem. See., 64, 1614 (1932) ; JaeotiMa. fier., U, 1309 (1886). 

Ml Jacobwn. Ber., M. 2837 (1887); Tcdd, Ber., M, 1523 (1«»). 

Huatren and Caiioa, J, Am. CfMem. See,, M, 611 (1940). 

; «• NdOar and Gordoa, tMd, S6,1093 (1938)i VSvlam a«d BaM. flMd.. 97, 2569 (1985). 
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Other oxidizing agents which have been used for the oxidation of mer- 
captane to sulfonic acids are potassium permanganate ^ and hydrogen 
peroxide-^® The action of chlorine or bromine in acetic add or in water 
converts mercaptans and thiophenols to sulfonyl chlorides or sul- 
fonyl bromides. 

RSH + SClj + 2HsO RSO,a + 5HC1 


By Oxidation of Other Compounds. The preparation of alkanesul- 
fonyl halides has been carried out with excellent results by the oxida¬ 
tion of S-alkylisothiouronium salts (p. 841) with aqueous halogen. 
This process is superior to the one mentioned above because it avoids 
the isolation of the mercaptans. 


L 


RS— 


NHj 


a. 


ci- 


In ftqueotu 

- > 


Br, 

-y 


RSOsQ (61-83%) 


-> RSOiBr (36-65%) 


The chief objection to this method is that a few serious explosions have 
occurred.^* In these cases it appears that the reaction product was 
not isolated immediately after the introduction of the amoimt of chlorine 
necessary for the formation of sulfonyl chloride and that nitrogen tri¬ 
chloride may have been formed. 

The formation of sulfonyl halides or sulfonic acids has been re¬ 
ported by the application of this reaction to thioesters, S-alkyl- 

thiourethanes, thiolsulfonic esters, thiocyanates, alkylmercaptopyrimi- 
dines, S-alkyltrimethylisothioureas, xanthates, and similar compounds. 

Although the starting materials are somewhat less conveniently 
prepared, the chlorination of disulfides seems to offer a method of 
synthesis of sulfonyl chlorides without any possibility of the formation 
of nitrogen chlorides. The disulfide is dissolved in glacial acetic acid, 
the theoretical amount of water added, and chlorine passed in. The 
reaction is complete in a few minutes. 

Rooin 

USSR + 5C1, -I- 4H,0-2RSOsCl + 8Ha 

temperature 

Autenrieth. Ann.. S69, 3S3 (1890); CoUixis. HUditch. Marsh, and MoLeod, J. Soe% 
Cham. Ind., SS. 272T (1033). 

Backer, Bee. trav. chim., 84, 205 (1935). 

*** Zincke and Frohnebers, Ber., 49, 837 (1910); Younc, J. Am. CKam. Soe., S9, 811 
(1937). 

Douglass and Johnson, J, Am, Chem. Soc., 60, 1486 (1938). 

*** Sprague and Johnson, ebid,^ 80, 1837, 2439 (1937). 

**'FoUcer8, Russell, and Host, ibid., 69, 3630 (1941). 

V* Battagay and Krebs, Compt. rand., 906, 1262 (1938); J ohn s on and DonglasB, J. Am, 
Cham. Soe., 61, 2549 (1939); Johnson, Proc. Nod. Acad. Set. U. &, M, 448 (1939) [C. A,. 
96, 2811 (1940)]; Stone, J. Am. Cham. Soe., 69,571 (1940). 
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IHaryl disulfides ^ may require more vigorous conditions for oxidation. 
Mereaptals, merc^tok, and sulfoxides, which also give sulfonyl ehlo- 
rides^* imder these conditions, are not readily enough available to 
appear as promising materials for use of this reaction in synthesis (pp. 
858,873). Trithioformtddehyde, however, is a good source of chloro- 
methanesulfonyl chloride (p. 858). 

the Strecher Reaction. Alkyl halides react ^ with sodium or 
ammonium sulfite to give salts of alkanesulfonic acids. Alkyl bromides 
are generally used, but it is claimed that better yields (90-99 per cent) 
may be obtained by using alkyl chlorides in an autoclave at 200°. The 
sulfonic acids may be isolated as their barium salts, liberated with sul¬ 
furic acid, and converted to phenylhydrazonium salts. The Strecker re¬ 
action may be applied to polymethylene halides or branched-chain 
halides.”* 

RX + Na^, RSO,Na + NaX 

Silver sulfite reacts with alkyl iodides to give esters of sulfonic acids. 

O 

T 

2RX -f Ag^O, — R—S—OR + 2AgX 

•i 

O 

By Addition of Bisulfites to Olefins.** Olefins apparently do not 
react with bisulfites in the absence of oxygen. In the presence of oxygen 
addition occurs ”* in a manner opposite to that predicted by Markowni- 
kcff’s rule (“abnormal addition”). Yields vsuy from 12 per cent (ethy¬ 
lene) to 90 per cent (cinnamyl alcohol). 

CHrflH—CH, + NaHSO, -♦ CHK::HtCH^O,Na 

Three sulfonic adds have been obtained ”• from the reaction of styrene 
with ammonium bisulfite in the presence of oxygen. 

SchrHfaer and Shrioar, /• Am, Ckem. Soe., W, 114 (1034). 

Streelcar, Ann., 148, «0 (1668); Reed and Tartar, J. Am. Chem. Soc., ST, 570 (1935). 

>Ti XmldewiCf aad St. Pilat. Ber., 71, 284 (1038). 

IMbait and BoM, J. Am. CAem. Soc., M, 2500 (1987); /. Org. Chem„ S, 24 (1940). 

Stone, J. Am. Chem. Soe., SB, 488 (1936). See aleo Stone, Ref. 270. 

”• Zuffanti, J. Am, Chem. See., tt. 1044 (1940). 

**’ Kurbatov, .Ann., 173, 7 (1874). Alkyl sulfites are also obtained by the action of 
tidomd tibloiide on aloohola. Voss and Waobs, JBsr„ 88,1^9 (1035). See also Bel. 281. 
i *» SlianMolt, and Mayo, Otow. and Ind., U, 774 (1038); J. Org. Chem.. 8,175 
^|W8); KoUcer and tamrardt. /. Chem. See., UT, 307 (1035). 

' ¥ ^ KMutwcIi, fiehnuik, and Mayo, /. Am. Chem, See., 81, 8002 (1080). 
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C*H6CH=CHi 


NH^HSOa 

-> 

O. 


C«H»CH*CHjSO»NH« 

+ 

CeHsCH^CHSOiNEU 

+ 

C,^sCH(OH)CHtSO,NH« 


Other Methods. The formation of salts of a-bydroxy sulfonic acids 
(aldehyde and ketone bisulfites) and of sulfonates by addition to a,j3- 
unsaturated ketones, etc., is discussed elsewhere (p. 677). S-Hydroxy- 
sulfonates may be obtained by the reaction of alkylene oxides with 
sodium bisulfite. 

CH,—CHi + NaHSOs -► HOCHjCHjSO,Na 

Alkaline hydrolysis of alkyl sulfites causes rearrangement from oxygen 
to sulfur and gives sulfonic acids.” 


0 

T 

R—O—S—O—R + NaOH 


O 

T 

R—S-ONa + ROH 

1 

O 


Sodium alkyl sulfites, obtained by the reaction of alkoxides with sulfur 
dioxide, undergo a similar reaction in the presence of salts such as 
sodium iodide. 

0 O 

T T 

R—O—S—ONa R—S—ONa 

i 

O 


o 


RONa + S 




\ 


CN»I) 


0 


Formation of Acid Derivatives. The conver^n of sulfonic acids and 
their salts to sulfonyl chlorides may be carried out by the use of chloro- 
sulfonic add,^ phosphorus pentachloride,’®' benzotrichloride,*** or an 
excess of thionyl chloride.®” The use of acid chlorides for the synthesis 
of esters and amides will be described with the other reactions of sulfonyl 
chlorides. Sulfonyl iodides are prepared from salts of sulfinic adds 
(p. 917). Sulfonic anhydrides, (RS 03 ) 20 , are known but are not im¬ 
portant. 

OK Issuer and Hill, J. Am. Chtm. Soe., S8, 1873 (1936). 

o> Rosenheim and Sarovr, Btr., 88, 1303 (190S); Rosenheim and Usibkiiedlt, Ber., 81, 
406 (1898). 

Joy and Bogert, J. Org. Chtm., 1. 338 (1936). 

Qer. pat. 674.836 IC. A., 87,4643 (1933)]. 

Suthedand and Shriner, /. Am. Chtm. Soc., 88 , 63 (1936); SduIm and Hdditeh, 
J. Chtm. Soe., 91, 622 (1907). 

•* Hhbner, Ann., SIS, 238 (1884); AbrahaU, /. Chem. Soe., 48, WS (1888); Roaanberg 
Btr., 19, 662 (1886); Annatrong, Btr., SSC, 762 (1882). 
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Raactbns Resulting in Replacement of the Sulfonate Group 

Rqplacemmit by —H. The aromstio sulfonic acids are hydrolysed to 
hydrocarbons and sulfuric acid by heating with mineral adds. 

AiSOjH + HOH ^ ArH + Hm 

The reaction is best carried out in sealed tubes ^ or by superheated 
steam,**' although highly substituted aromatic sulfonic adds are hydro* 
lysed at 100°. The hydrolsmis of sulfonic adds is chiefly of interest be- 
cfuise of its applicadon in the separation of hydrocarbon mixtures. A 
mixture of hydrocarbons or aryl halides is sulfonated and the sulfonic 
acids or salts isolated. Occasionally one component of the mixture is 
resistant to sulfonation *** and is separated in this way. The separation 
is sometimes carried out by fractional ciystallization of the salts and then 
hydrolysis of the purified products. If one of the sulfonic acids is more 
readily hydrolysed than the other,**® one hydrocarbon can be removed 
by steam distillation. 

The aliphatic sulfonic adds are not hydrolyzed by acids and in this 
series replacement of the sulfonic group by hydrogen is not known. 

Replacement by —OB. The formation of phenols by the alkaline 
fusion of salts of aromatic sulfonic acids was discovered **' simultane¬ 
ously by Wurtz, Kekul4, and Dusart, 

AiSOjK + 2KOH ArOK -f K,SO, + H*0 



ArOH 

This is familiar as a commercial and laboratory **® method for the syn¬ 
thesis of phenols. It may be added that sodium hydroxide often fails 
as a reagent for this reaction but that then potasdum hydroxide, alone 
or mixed with sodium hydroxide, will bring about reaction. Rearrange¬ 
ments often occur during fusion (e.g., both m- and p-b^zenedisulfonic 
adds ipve resorcinol), and this, therefore, cannot be used to determine 
the ori^tation of substituents. Oxidation reactions *** may cause the 
formation of by-products. 

*** Liinpridii, Ber., 19, BIS (1877). 

*** Armstroag sad MiOar, J. Sac., 4B, 148 (1884); Katbs, Ser., 19, 02 (1680). 

*“Cohen and /. CAmt. Soe., 87,1802 (1004). 

«• Wurte. C«mvurmd.. 04, 740 (1807); KskolA ibid., 04,762 (1867); Ehaart, ibid., 04, 
800 (tM7). 

*^Gfktl«nBaaa, Ber., 84, 2121 (IMl). 

M libriMirqiaBa, Aim., 118,(ISSIO : M«y»r and Baftmaan, Jar., 88 , 3040 (1005) 
Bon^aad DkAacm, J. Am. Chom. Sec., 40.1780 (1018). 
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The aliphatic sulfonic acids are more stable than the aromatic but 
treatment at SSO** with 4N alkali causes partial conversion to al¬ 
cohols. 

Replacement by —CN. Fusion of salts of aromatic sulfonic adds 
with potassium cyanide *•* is a familiar method for the preparation of 
aiyl cyanides. 

ArSOiiK + KCN ^ KjSOs + ArCN 

The formation of cyanohydrins from the bisulfite addition products of 
the aldehydes and ketones may be considered an example of an anal¬ 
ogous reaction in the aliphatic series. The reaction does not appear 
to have been extensively studied with the aliphatic sulfonic acids, but 
a-toluenesulfonic acid gives benzyl cyanide by distillation with po¬ 
tassium cyanide. 

CeHsCHjSOsK + KCN ^ KjSOa + Cdl^GHjCN 

Replacement by Other Groups. A number of reactions for the re¬ 
placement of the sulfonic acid group have either been studied in only 
a few cases or are not generally applicable. Aldehydes have been ob¬ 
tained by fusion of sodium formate with the potassium salt of an 
aromatic sulfonic acid. The sodium sulfonate does not react. 

0 0 

II ru« II 

ArSO»K + NaOCH- > ArC—H + NaKSO, 

Sulfanilic acid gives tribromoaniline *•* by reaction with bromine water, 
but this type of replacement is limited, in the benzene series, to cases 
in which the sulfonic acid group is ortho or para to a phenolic or amino 
group. 



In general, sulfonic acids derived from polycyclic aromatic hydro¬ 
carbons undergo replacement of the sulfonic acid group more readily 

*** Warner and Keid. d*. Am, Chsm, See,, SS. 3407 (1931). 

*** Mera and MfllliaQser, Ber,, S, 710 (1870). 

»«Barbaglia, Ber,. 8 . 270 (1872). 

«»• Meyw, jlnn.. Ii6, 273 (1870). 

Kelbe, Ber,. 16, 39 (1882); Ber,, 16, 617 (1883); Kelbe et al,. Bar., it, 1647, 1730 
S137 (1866); Heisiob^i, ilnn., US. 271 (1889); Baur. Bar., «, 1619 (189^. 
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tiiaa tibe members of the beoseae series. Some of the nitroaaphthalene- 
sulfook acids and anthraqumonesulfooic ftdds give*" uitrochloro* 
naphthaleiies and chloroanthraquinones by heating with hot aqueous 
ddoiine or with hydrochloric acid and sodiiun chlorate. 

Some sulfonates undergo replacement reactions ** when heated with 
phosphorus pentachloride. 


SO»Na Cl 



Poor yields of aniline are obtruned*** by heating sodamide with 
sodium benzenesulfonate, but sodium /3>naphthalenesulfonate and 
naphtholsulfonates give better results.*** 



NaNH, 
-» 


A A 



+Na*SOi 


Replao^ent of sulfonate groups by amino groups occurs with relative 
ease in the monosulfonic and disulfonic acids derived from anthraqui- 
none.**‘ 


O 



70% 


tnimMm umI Ocbnor, Atui.. SH. 2 (1011); Oat. pat. 205.013 Zentr., I, 703 

(1000)1; a«r. pat. ZgSJBm [Citom. Ztntr^ t 102 (1011)]: FriwUaadAr, KanusMiittia, and 
flebeBk, £er., «, 46 (1032). 

*" Cftriug, Ana., 114, 14S (1860!). Under milder ocmditiotu an esedlmt yMd of the 
aidfo«url dilcnide it obtained Crom awUnm o-naphtbaieneauUimate. See Joy and Boaert, 
Bef.982^ 

*** Jadcaon and Wins, Ber-, 10, 003 (1886). 

Per., so. SOU (WO*). 

I^^KauSer and Imhoff, Ber.. «. 4708 (1004); Oor. pat. 280.816 IChm. Zmtr» 1,8« 
Oer. pat, 373.810 iOkm. 2«nfr„ 1.1003 (UU)]. 
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Sodium ce-anthraquinonesulfonate reacts readily •“ with mercap- 
tides, giving a-alkylmercaptoanthraquinones. This reaction has bera 
applied to the preparation of solid derivatives of mercaptans. 

O O 



The sulfonic acid group is often readily replaced by the nitro group; 
sulfonation is sometimes carried out *“* before nitration because the 
sulfonic acids are not readily oxidized by nitric acid. 



Disulfonic acids and their derivatives in which the sulfur atoms are 
attached to adjacent carbon atoms are cleaved by alkaline reagents 
similarly to ethylene disulfones (p. 883). 

ReactionS'Of Esters of Sulfonic Acids 

Unless definitely stated otherwise, this discussion will deal with ali¬ 
phatic esters of aromatic sulfonic adds. The aliphatic esters of aliphatic 
sulfonic acids have not been thoroughly investigated; their reactions 
appear to be sometimes similar and sometimes dissimilar to those of 
t^ alkyl esters of aromatic sulfonic adds. The reactions of the latt^ 
(ArSOzR) lead to introduction of an alkyl group, but when aiyl esters 
(ArSOgAr) react they usually*** form sulfinates and introduce the 
ArO group. In general the myl esters are less ui^ui in synthesis and 
will not described in detail It should perhaps be pdnted out that 

w* Raid, M««kaU, ud Miliar, Am. Cftem. Soo., IS, 210ft (1921). 

m Mma and Zettor, Ber., U. 2037 (1879). 

*** Autenriath and Rudcdph. Ber., 84, 3469 (1901); Auteorietib and Eoborswr, Ber., 
at, Sfm (1903); Kohler, Am. Chem. /., It, 728 (1897); Chtttorbiudc tad OqImbl. J. Chem, 
Soe„ Ul, 120 (1923). 

m Bmt and Upworth. /. Chm. 3oe., lU, 273 (1912); ibidU ttt. 4ft (lOSI). 
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tile sulfcmic estm * oostain no double bond and tiiat tins may account 
for tiie diff^nce in their reactions and those of esters of carboxylic 
adds. From the same considerations outlined in the discussion of sul- 
fones (p. 881) it would follow that reactions of carboiylic esters which 
occur by addition to the /C=«=0 would not occur, or would occur less 
readily, or by a different mechanism, with sulfonic esters. 

0-, H-, S-AUqriation. Alcohols are produced by the alkaline hy¬ 
drolysis of alkyl esters of sulfonic acids. In some cases *** hydrolyas 
occurs by exposure to moisture of the mr. Sodium alkoxides or phenox- 
ides give ethers.*"* Amines **"• *•" are alkylated by alkyl sulfonates as 
they are by alkyl halides. 


ROR 
Nkoas 

N»OAr/ 

ArOR*^ 


ROH 

NaOH 

ArSOjR 


>NH, . 


RtN 


RTra* 

R'jNH 


R' 


[R,NR]+ArSO,- L R^ 


ArSO,- 


R' 

I , 

NH ArSOr 


-.^Snh 

R^ 


N*OH 


> R'tNR 


The formation of quaternary ammonium sulfonates has been used for 
the identification of amines.*"* Alkoxymagnesium halides, instead of 
pving ethers as do the sodium alkoxides, give alkyl halides *"* from their 
reaction with alkyl esters of aromatic sulfonic acids. 

ArSOiR^ 

2 R 0 MgX ^ {RO),Mg + MgX, > 2 R'X + (ArSO.)iMg 


The formation of sulfides (p. 854) and sulfones (p. 874) by the reactions 
of mereaptides and sodium sulfinates with alkyl sulfonates has already 
been mentioned. 

* Thi* ekiq^t«r ooataiM no Mparate diaeuacion of alkyl aulfataa, but tbdr atruotoi* 


I RO^R jiacloMlyiclatadtothatofaulfoiuoaatmaikdtlMraaotioaiafttMtiroaMleaai* 

\ i / 

Uwwfora oomparabto. 

*** Kaatle and 'Mvidll, Am. Chm. i7, 200 (180S); EaaUa^ Hurrfil, and SVaaar, 

«*f.,l». 804 (ia(Kr). 

«» ntbaann and Waoner, Aim., m, 130 (1003); FSldi, Barn M, 188S (1023). 

^ Marval. Seott, aad Amatuta. J, Am. Ckam. Sac.. 11, MSS (1030). 

•f Uim. /. Cham. See. /awM. H, 11« {X0S4> {C. A..«, 7940 (IMS)]. Ctopa {f . Am. 
**. UM (lOMllblsoMtmd a tiDdar laadlioB aUtsd mUaMl. 
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C-All[yIatioiL The alkyl esters of aromatic sulfoxdc acids appear 
to be satisfactory reagents for the alkylation of active methylene com¬ 
pounds, altJiough tixey have not been widely used for this purpose. 

ONa O 

I II 

ArSOjR + CH,C=CHC00C*H5 ArSOsNa + CHjC—CHCOOCjH# 

I 

R 

The reaction of sulfonates with Grignard reagents has been thor¬ 
oughly studied.**®’ Alkyl esters of aromatic sulfonic acids react with 
both aromatic and aliphatic Grignard reagents, giving the hydrocarbon 
(30-70 per cent) and halomagnesium sulfonate. The latter is responsible 
for the side reaction which gives alkyl halide as a by-product. 

ArSOjCHa + RMgX-^ ArSOiMgX + RCH* (or ArCHj) 

(ArSO,)»Mg+MgX» ^ —-- -> CH,X+ArSO,MgX 

This reaction is the basis of methods for lengthening the carbon chain 
by three carbon atoms and for preparing p-alkylbromobenzenes.*“ 

ArSOaCHsCHiCHjCl + RMgX ArSOsMgX + RCHjCHjCHiCl 

(eo-«)%) 

ArSOjR + p-BrCeHtMgBr ArSOsMgBr + 2 >-BrC»H 4 R 


Aryl esters of aromatic sulfonic acids do not react with alkyl- 
magnesium halides; with arylmagnesium halides the products are 
diarylsulfones (40-85 per cent). 

O 


AiMgX 


ArSOjArH 


RMgX 


T 

At—S—At' + Ar'OMgX 
O 

-> No reaction 


Alkyl esters of aliphatic sulfonic acids ^ve both types of the re¬ 
actions described above. Ethyl ethanesulfonate reacts with phenyl- 
magnesium bromide to give a sulfonc as the major product, althouf^ 
some ethylbenzene is formed. 

“• Nail and Peacock, /. Zndion Ckem, Soc., U, 318 (1938) IC. M, 8881 (1986)). 

Oilman and Beaber, J. Am. Chem. Soc,, 47, 620 (1925); Qilmm, jBaabar, a^ My^ 
MA., 47, 2047 (1926): Oilman and H««A, xbiA., 80, 2223 (1928); Miaei /. CA«in. Su. Japan. 
H, 1087 (1984) [C. Ah ». 8427 (1938)). 

RoBsander and Marvd, J. Am. CKtm. Soe., 80,1491 (1928). 

Copealiaver, Roy, and Marvat, tbtd., 87, 1311 (193^. 
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CiH|SOiCtH| 



0 

t 

CiHf—S—CiH* + C|H{OMgBr 

i* 

O 

C«H|—CiHt + CtHiSO|MgBr 


1^8 Reunageineiit. The formation *** of a aulfone from the treat- 
moat of }>-tolyl benzenesulfonate with anhydrous hydrogen fluoride is 
analogous to the well-^own Fries rearrangement of aryl esters of car¬ 
boxylic adds. 




Reactions of Stilfonyl Halides 

With —OH Compounds. Stilfonyl halides are hydrolysed slowly by 
water, rapidly by alkali. They react readily with alcohols to give 
esters. Ajyl esters are prepared by using a salt of the phenol or, better, 
by the use of pyridine “* as a solvent. 

RSOJJa + NaCl + H|0 

0 

T 

R— S— OR' + Ha 

i 
o 

o 
T 

R-«-OAr + CiHiNHa 

i 
o 

With Amines. The most common use of the reaction td ammes with 
sulfonyl is in the familiar Hinsberg test for dwtingujahittg 

tusimmu. ArOmt, and Rwidatt. tM., «, 485 (1940). 

*>* XnOtaadBooa Bwr..M,S3W<U0S)sM, 3883 (1808) iBniffi. JB«r..M,3M»a88S>. 
n* SAhs «Dd Mjrval. /. Am. Chtm. Soa.. M, 845 (1038): Sdcm, 88. «S1 OSWi 

4M., 81, m (1887). 

^Hinsbnrg, Bar., 88.8888 (UNO): Bbmim aiul EmmIot 


0 

T 

R-s-a 

i 

o 


2 NaOH 


R'OH 


AiOH 


(CiHat) 


r, 88, fffiS {tSW- 
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primary, secondary, and tertiary amines. The reaction may aiso be 
applied to the separation of amine mixtures and to characterization of 
amines or sulfonyl chlorides. In the case of primary amines, disulfonyl 
derivatives are sometimes important by-products, but these may be 
converted to simple sulfonamides by alcoholysis in the presence of 
sodium ethoxide. 


R'NH, 


NaOH 


RSOjCl 



-> 

NaOH 

R'jNH 


-^ 


R',N 

— 


♦ [RS 02 NR']-Na+ -» (RSO*)sNR' 
t_1 


NaOCaHf 

> RSOjNR's — Insoluble in acids and bases 


♦ No reaction 


With Enolates of Active Methylene Compounds. When p-toluene- 
sulfonyl chloride is allowed to react with the sodium derivative of ethyl 
acetoacetate,*^ it appears that the first step is reduction of the chloride 
to the sulfinate; subsequent reactions lead to the formation of tolylsulfo- 
nylacetic ester and diacetylsuccinic ester. Similar results are reported 
with malonic ester. 

ONa 

RSO.a 4- CH,(!!=CHCOOCjH, -+ RSO,Na -f CH.COCHaCOOCja, 

I II III / \ 

"\ 

CH,COOC,Hs-(- rCH,COCHCOOC 2 H.l CH,COCHCOOC,H. 

RSO,CH,COOC,H» I J 

L SO,R J CH,COCHCOOC,H, 

Not isolated 

With Organometallic Compoimds. The activity of sulfonyl halides 
as halogenating agents, shown above, is also observed in their reactions 
with zinc alkyls and sodium acetylides,“® which produce replacement 
of metal by halogen. 

2 RSO 2 I “t” (CjHs)jZn —> (RSOtljZn 4- 

RSCbCl 4- C«H,(::^C—Na RSOjNa 4- Cja^CfeaCa 

The reaction of sulfonyl chlorides with an equivalent amount of the 
Qrignard reagent at low temperatures gives sulfones (up to 35 per 
lient) as well as products analogous to those from other oiganometallic 
compounds. 

and MacDonald, Am. Cham. J.. 89, 219, 225 (1800). 
axHi TTCBer, Btr., 84, 488 (1891). 

*** Tiudi«(. Ann. (Aim., 14, 390 (1031); Murray, J. Am. Cham. Soe^ M, 2063 (1938) 
^ OiiniaB FotheiyUl, /■ Am. Cham, Soc,, SI, 3501 (1829). 
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CeH»80,Cl + RMgX 


0 

^ X 

CeHf—S—+ Mg^ 

i Ndi 

o 

CeH»SO,MgX + RCl 


When the sulfonyl chlorides are treated with an excess of the Grignard 
reagent, then gently heated, the sulfinate is converted to sulfoxide and 
other products.**'* *** 

O 

t 

C»H»SOiMgX + RMgX CoH^SR + (MgX),0 


The reaction of sulfonyl fluorides with the Grignard reagent has been 
the subject of a controversy.*** The formation of sulfones and disulfones 
has been reported. 

CeHiSOjF + CHjMgl —> CsH5S0aCH8S02C,H6 

I II t 

i n 

MgX, + C.H»SOtCH, —)■ [CJl6SO*CH«]-MgX+ + CH* 

Other Reactions. The reaction of sulfonyl halides with mercaptans 
and thiophenols is not analogous to the reaction with alcohoLs and 
phenols and will be considered in the section on tluolsulfonic esters. 
The prepuation of thiophenols (p. 844) and sulfinic acids (p. 914) by the 
reduction of sulfonyl halides is described elsewhere. Aliphatic sulfonyl 
chlorides form a-halo derivatives *** by a reaction analogous to the Hell- 
VoQiard-Zelinsky synthesis. Some sulfonyl halides decompose upon 
standing or imder the influence of heat; o-toluenesulfonyl chloride,*** 
for example, gives benxy] chloride and sulfur dioxide. 

C^iCH,SO,a ^ C»H,CH»C1 + SO, 


Reactions of Solfonamides 

Hydrol 3 ^i 8 . In discussing the Hinsberg reaction (p. 899) it was 
mentioned that an Important application was the separation of amines. 
'Ihe amines may usiu^ be recovered from their sulfonamides in good 

*** Hepwortb aad CiapluHi> Chem, Soe,, lit, 11S8 (1921); Wedekiad sod Schenk, 
M, UKM (1981). 

*** Steinkoid and JaetK, proU. Chem., tSS. 63 (1930); Oifawa. HM., MS, 218 (1936). 
Latiiotr and 1km, J, Org. CAem., i, 24 (1940). 

**■ linveicfat, Ber., t, 684 <1S78); Ann., tSl, 816 (1888). 
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yields (90-95 per cent) by refluxing (ten to thirty-six hours) with 25 
per cent hydrochloric add.*®* 

ArSOjNHR + HjO- > ArSOjH + RNH, Ha 

AtH + H 4 SO 4 

a-Toluenesulfonamides are very readily hydrolyzed and are therefore 
useful in synthesis.®^ 

CeHeCHaSOsNRi + 2HC1 CgHsCHsta + SO* + R*NH-HCI 

Sulfonamides obtained from secondary amines undergo this reaction 
more readily than those from primary amines. Acid hydrolysis of nitro- 
benzenesulfonamides is extremely difficult. 

The reaction of sulfonamides with cold aqueous alkali to form salts 
is a familiar one (see p. 899). The acidity of sulfonamides may be at- 

O 

T 

tributed to the electron-attracting properties of the R—S— group, and 

i 

O 

the structure of the anion is subject to the same considerations advanced 
in the discussion of sulfones (p. 880) except that N replaces C. 

Most sulfonamides are not changed by drastic treatment with alkali 
(e.g., benzenesulfonanilide is unaffected by fusion with 80 per cent so¬ 
dium hydroxide at 250°), but the presence of a nitro group in the ortho 
or para position causes them to undergo alkaline hydrolysis.*®* ’ *** 
Cleavage occurs between sulfur and carbon, rather than between sulfur 
and nitrogen as is the case in acid hydrolysis. 

80% N»OH NaOH 

0*NC*H4S0sNHR- 0 sNC 6 H 40 N 8 + RNHSOjNa- > 

lv9**«*v 

RNH, + Na,SO» 

40-fl0% 

Halogenation. Sulfonamides react readily *** with halogen in alka¬ 
line solution to give N-halo and N,N-dihalo derivatives. 

RS0,NH, + NaOX HjO + [RSOjNX]-Na+ 2NaOH + RSOiNX, 

, +H|0 

Ina 

RSOiNHX + NaQ 

SchreibcT and Stumer, J. Am. CKtm. 8oe., M, 1018 (1B34). 

Johzuon aod AmUer, J. Am. Chmn. Soc., 80,372 (1014); Jobami am] Bdtex. .4m 
Chem. Soc., so. 2135 (1910). 

'** Fexold, Schreiber, and Shriner, J. Am. Chom. Soc., M, 090 (1934). 

»• Chattawey, /. Chrnn. Sec., 87.148 (1905). 
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"Chloramine-T” (eodium N-chloro-p*toluenffiiulfonaiaide), “Dichlor- 
amine-T” (N,N-dichloro-p-toluenesiilfonamide), and "Halozone” 
(p-HC>OCC6^S02NCla) are useful antiseptics. The halogen of N-halo- 
sulfonamides is “positive” in character; it is therefore remarkable that 
a salt such as Chloramine-T ([CH3C6H4S02NCl]“Na'^) shorild be 
stable. 

The N-halosulfonamides add to olefins,”® forming /S-halosulfona- 
mides. 

Br Br CH, 

I i I 

C«H,CH-=CHCH4 + CJl»SO,NCH, ^ C«HsCH—CH—N-^SO*C*H, 

1 

CH» 

By carrying out the reaction in the presence of alcohols or acids the 
main products are /3-halogen ethers (80-95 per cent) or esters. 


-C— + RSO,NHCl 


X 


-I- RSOtNCl, — 


Cl OR 


o 

rI>-oh 


—C—C— + RSOjNHCl 
> 1 1 
Cl ocf 

^R 


DSialides and /S-chlorosulfonamides are by-products of these reactions. 
In the reaction of unsymmetrical olefins with N-bromo-N-alkylsulfona- 
mules the bromine atom takes the same position as in the “normal” 
addition (Markownikofifs rule) of hydrogen bromide, but with N,N-di- 
bromoamides "abnormal” addition occurs.*** 

AU^lation. The salts of sulfonamides or N-alkylsulfonamides are 
alkylated by alkyl halides *** or alkyl sulfates.*** 

RSO,NH, {RSO,NH]-Na+ RSO.NHR' 

Ttrr 

tRSO.NR']' Na+-► RSO,NR'* 

This reacti<m is useful in the syntheds of amines.**® 

FUdi, Bw., n, 2257 (1980) ; LlkhoahcnWr tt at., J. Om. CA«m. (.VJ3JS.B.). S. 370 
(1038); Und., 8, 8000, 2012, 3088 (1080); Ada Vnn. Vonmot^eiMW, 8, No. 8 (1087) [C. A.. 
88, 8389 (1088): 84, 4880, 4381, 8873 (1040); 88. 7018 (IMS)). 

,, Khanwefa and Fdaatlojr, J. Aat, Cktm. Soe., 81,3435 (lOM). 

‘ *» Hioabers and 8tni|^, Ann., Ut, 222 (1605). 

, «**P«ohon-and Karo, Bn-., 88^140(1900). 

^ •** Qarotben, Biekford, and HnnrHa, J, Am. Chtm. Sot., 48, 2808 (1037). 

I 
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^ Reactioii witii Aldehydes. Either acids **® or bases *" catalyze the 
reaction of sulfonamides and N-alkylsulfonamides with aldehydes. The 
types of products formed may be illustrated with formaldehyde. 


RSOJ^H, + CHiO 


2IlSO,NHCH, + CH,0 


RSO*NHCH,OH<^ 


(RSO,NH),CH, 

(RSOJN=CH,)n 


» o 2 3 

CH, 

1 

(RSO*N—)2CH, 


A variety of aldehydes have been used in this reaction.*” Synilietic 
resins may be so obtained.”® 

Sulfonhydrazides. Alkaline hydrolysis of N-acyl sulfonhydrazides 
has been applied *” to the synthesis of aromatic aldehydes; aliphatic 
aldehydes cannot be prepared by this method. 


O 

II 

ArCNHNHj 

or 

CeHsSOjNHNHj 


CtHiSOiCl 


O 


o 

T 


NaiCX>i 


AiCa 


Ar-C—NH—NHSCJHs 

I 100 )n 

i Klyoerol or 

Q etliykine i^ool 

0 


Ar-C—H + N, + C,aSO,Na 


N-Alkylsulfonhydrazides give hydrocarbons upon hydrolysis.*** 
ESOjNHNHR' + NaOH ^ RSO,Na + H,0 + N, + R'H 


Otiier Reactions. The sulfonamides, sulfonyl chlorides, and thiol- 
sulfonic esters are the only sulfonic acid derivatives which can be re¬ 
duced. The reduction “• of sulfonamides requires hydriodic a<ad in a 
sealed tube with phosphonium iodide as a catalyst. 

ArSOjNHj + 7HI ArSH + 31, + NH*! + 2H,0 

PH 4 I 

<** McMaster, ibid., 66, 204 (1934). 

»»• Can. pat. 303,697 \C. A., M, MIS (1930)]. 

*” Walter e( ol.. KMoid Beibefle, 40, 1, 29, 43 (1934) (C. >8, 7800 (1034)]; Hug. 

Bull. toe. ehim., (5] 1, 990 (1934); MaoFayden and Stevena, J, Chtm. See., 584 (1936); 
Buohman and Richardson, J. Am. Ckem. Soc., 61, 891 (1939); Natdaoa and Ckrttfried, 
ibid., 63, 487 (1941). 

*** Arndt and Sobols, Ann., 610, 62 (1934); Coffey, J. Chtm. See., 637 (1926). 

•f Fisdieir, B<r., 48, 93 (1915). 
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Sulfonamides react with nitrous add **** sad diazonium salts.****' *** 

. ■>> 

Sulfonaddes M's mentioned elsewhere (p. 929). 

^tedflc Sulfonic Add DerivatiTes of Importance 

Hie formation of iaethionic add, ethionic acid, and carbyl sulfate 
has been discussed in Chapter 3. Methionic add behaves as an active 
methylene compoimd.*** Taurine occurs in combination as taurocholic 
add in the bile. Sodium iodomethanesulfonate (Abrodil) is opaque to 
x-rays and is therefore useful in x-ray therapy. Saccharin is a sulfoni- 
mide. Compounds of great medicinal importance are sulfanilamide, 
sulfapyridine, sulfathiazole, and sulfapyrimidine (sulfadiazine), which 
are useful as specifics for streptococdc, pneumococdc, and other in¬ 
fections.*** 

HOCHK)H*SO»H HO,SOCHrf:H*SOJI CHr-SOr-0 

Iaethionic acid Ethionic acid | | 

CHj—O—SO* 

Carbyl aulfate 

CH,(SO,H), H,NCH,CH*SO»H 

Metbiooio ooid Tatuine 

ICH*SO*Na 


Abrodil 



SuUapyrlmidiae 


*“ Hinabwg, Bw, *7, 6M (J8M). 

*** Key end Datt, /. Chem. Soe., 2035 (1928). 

'f“8<*roter sod Hwabert, B*r., S8, 8393 <1905); FmaddaMmt and Klobbio, Bae. 
Inm. 9 , 233 (1890). 

f«Norttiey, Clum. *7, 85 (1940). Thi* eontaina A comptehWMrfve eurvey of 
900 letovnoM tewmptniiida of the wlfHiilainide tsrpe whiob «» of oheinother»peu- 
lieliiiwwt. 

y 
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X. THIOLSULFONATBS * 


G«neral Characteristics 

Thiosiilfonic a.cids are unknown but their salts and alkyl derivatives, 
considered here as esters, may be prepared. The structure of the esters, 
which are also called disulfoxides, will be considered after their chemistry 
has been discussed, but in the meantime they will be assumed to have 
the structure A. The structure of the salts will be written as in 
This is an arrangement of convenience and is adopted because the diva¬ 
lent sulfur is involved in most of the reactions of the salts. The con¬ 
vention should not be regarded as having any more specific meaning, 
since in the thiosulfonate anion (C) the electronic configurations of the 
divalent sulfur and of oxygen are similar. 


Na+ 

AS C 


o 

T 

R-S—S—R 

i 

o 


o 

T 

R—S—S—Na 

i 

O 


: 0 : 

R:S:S: 

-•O:” 


The salts are crystalline, water-soluble solids. The lower-molecular- 
weight alkyl esters of alkanethiosulfonic acids ^ are liquids heavier 
than water, with a very unpleasant odor. They cannot be distilled 
without decomposition but may be steam-distilled. Those of high 
molecular w'eight are odorless solids.The aryl esters of aromatic 
thiolsulfonic acids are usually crystalline solids. Some of th^e 
compounds become colored upon exposure to light but become color¬ 
less again upon standing in the dark (phototropy). This phenomenon 
is attributed ^ to the presence of small amounts of disulfides as im¬ 
purities. 


* The name “thiolsulfonate" is used here in the nomenclature of the eaters because of 
the analogy with thiol esters of carboxylic acids (p. 930). Theoretically, oUier thio (but 

O 


not thiol) sulfonic esters are possible 


r 


1 

s 


-OR |. The Btnioture of 'Uie salts (formula C 


above) is such that their designation as thiol or thion derivatives would be nteaningjem, 
and the salts are therefore named as thiosulfonates. 

»**Otto, Ber., 18 . 121 (1882). 

*** Otto, Ann., 146, IS, 317 (1868); Fromm and Palma, Ber., M, 3308 (1906) ; fiilditch, 
J. Chem. Soe., VI, 1091 (1910). 

Here and Smiles, J. Chetn. Soe., 136 , 2389 (1924); Gauntlet! and ftesflAs , Snd., 
137 , 2746 (1926). 

•*> Child and Smiles, Oad., 2696 (1926). 
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Methods of Preparation 

Ftom.Sulfinic Acids. Free ea]£mc adds decompose * dowly, giving 
sulfonic adds and thiolsulfonic esters. The decomposition may be 
hastened *** by heat and aqueous add and the reaction is used for the 
preparation ***> •* of thiolsulfonic esters. 

3R80iH ■ ) RSO,H + RSOiSR 

Mid 

The sodium salts of thiosulfonic acids may be obtained from the 
reaction of solutions of the sodium salts of sulfinic adds with sulfur. 

RSOjNa + S -♦ RSO^Na 

The sodium or potassium thiosulfonates give the corresponding esters 
when treated ***' *“ with reactive alkyl halides or alkyl sulfates. 

RSOiSNa + R'X RSO*SR' 

The ammonium salts of sulfinic acids decompose,*' giving products 
similar to those obtained from the free acids. 

RSOjH —> 3 RSOjNH4 RSO 1 NH 4 + RSO,SR + 2NH, 

This is also similar to the reaction of phenylbydrazine with sulhnic 
adds. 

3RSO,H + C.H.NHNH* > RSOjNHNHC.H* + RSOjSR 

The silver salts of sulhnic adds, prepared from the reaction of the 
sodium salts with silver nitrate, react*’’** with sulfenyl halides to 
give thiolsulfomc esters. 

RSOtNa RSO*Ag RSO,8R' 

The silver sulfinates are generally not stable in air for long periods of 
time and should be prepared immediately before use. This method 
appears well suited for the synthesis of unsymmetrical thiol esters, in¬ 
cluding aryl derivatives which cannot be obtamed from the sodium 
thiosulfonates by the other methods described above. 

* It ia reported, baw«v«r, that pure auifinic acida may be stored in a deeicoator without 
de4x>inpoeitjon. (Autenrietii, Atm., MS, 362 (1800).] 

StnSee Oibeon, ibid., IM, 180 (1024); v. Braun and Weiasbwdt, Ber., M, 2836 
(1080). 

*“ Troeger and Orotlie, J. prakt. Cbm., |21 SS, 473 (1807). 

Oibdon, /. Chm. 8oe., 2637 (1031). 

. I^HUiaia. J.}mijtt.C!A«m.,fS]M, 213(1804). 

**» Emalaa. Ber., 18.803 (1883). 

p Oibeon, Miller, mid Smilea, J. Chm, 8oe., W, 1881 (1036). 

i 
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From Sulfonyl Halides. Unsynunetrical thiolaulfonic esters may also 
be prepared satisfactorily (80-90 per cent) by the reaction of sulfonyl 
iodides with silver mercaptides.*®’ 

BSOjNa Nal + RSOJ R80*SR' 

In the more reactive sulfonyl iodides, decomposition may liberate free 
iodine which oxidizes the mercaptide to the disulfide. The method 
therefore gives the best results when stable sulfonyl iodides are used 
and when the corresponding disulfide is soluble in water and therefore 
readily removed. 

It should perhaps be mentioned at this point that the reaction of 
sulfonyl chlorides with sulfhydryl compounds is not generally a satis¬ 
factory method for the preparation of thiolsulfonic esters, although 
small joelds (up to 25 per cent) may be obtained in the prraence of 
P3Tidine.*“ 

RS0,C1 + R'SH + CsHsN RSOjSR' -t- CsHsN HCl 

The chief products of the reaction are usually sulfinic acid (RSO 2 H) and 
disulfide (R'SSR')- It is likely that the ester is the precursor of these 
but that it reacts with the mercaptan (p. 908) to give the chief products. 

Salts of thiosulfonic acids are obtained »<»•»«>' »* from the reaction 
of sulfonyl chlorides with sodium sulfide. The reaction occurs in two 
stages. The first is the reduction of the sulfonyl chloride to sulfinate 
with precipitation of finely divided sulfur. Upon heating the solution 
the sulfur slowly dissolves with the formation of a thiosulfonate. 

RSO^Cl + NaiS -► NaCl + RSOjNa + S RSOjSNa 

From Disulfides. Cautious oxidation of disulfides with hydrogen 
peroxide at room temperature produces thiolsulfonic esters.*** 

R—S—S—R - —> RSOsSR 

Acetic Msd 

Tetr^ialides of some disulfides may be obtained by the reaction of tiie 
disulfides with bromine or iodine. These are hydrolyzed to thiolsul- 
fonic esters by water or silver nitrate. 

HOH 

R—S—S—^R + Brj —* (RS-Brj)j-> RSOjSR 

*** However, see Kohlbsse, J, Am. Chvm. Soc., B4, 2441 (1932), 

*“ Spring, Ber., 7, 1137 (1874); Otto, Ser., 13, 1282 (1880); Ftonun apd ISrfurt, Ber., 
41 , 3816 (1900). 

"* Hinabetg, Ber., 41. 2836 (1908); Ber. it. 1278 (1909); KnlKetW, - «Qd BokU, J 
Indian Chem. Soe., 7, 843 (1930) (C- A., M, 2126 (1931)]. 

»*’ Fronun, Z. onjete. Cktm., M, 1126 (1911). 
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Other Methods. The hydroly^ of eulfenyl chlorides or sulfenie 
esters (p. 921) gives thiolsulfonic esters, but the reaction is not suited 
for preparative work because half of the product is a disulfide, which is 
difficult to separate frona the thiolsulfonic ester. Oxidation of inercap> 
tfujs by nitric acid was the earliest method *" for the preparation of 
these compounds. Thiolsulfonic esters are among the products of 
dectarolytic oxidation “• of sulfides, disulfides, and sulfoxides. Retene- 
sulfonyl chloride gives the thiol ester *** by treatment with zinc dust in 
benzene. Thiolsulfonic esters are among the products obtained by (1) 
the reaction of the salt of a thiolsulfonic acid with ethyl chlorocarbo- 
nate,*“ (2) hydrolysis of sulfonyl iodides,*® and (3) treatment of m-nitro- 
benxenesulfonyl chloride with aluminum chloride in carbon disulfide.*** 

Reactions 

In most of their reactions, thiolsulfonic esters are Ihioalkylating 
agents. The cleavage of both alkyl thiolsulfonates and aryl thiolsulfo- 
nates, therefore, is comparable to that of aryl esters of sulfonic acids. 

O 0 0 0 

t ; t T; T ■ 

R-S—0-,-Alkyl R—S—O—At R--S—S—Alkyl R-S—S—Ar 

i ! i i; ii 

O 0 0 0 

With Sulfhydiyl Compounds. Sulfhydryl compounds,*** sodium or 
potassium mercaptides,*** or zinc mercaptides *** react with thiolsulfonic 
esters to g^ve disulfides. 

0 

t SoUd KOR 

R8-SR' + R'SH —— -> RS0,K + R'SSR' + Hrf) 

I iaaibw 

J. at 0*^ 

o 

This reaction is probabfy responsible for the difficulties already noted in 
the preparation of thiolsulfonic esters from reactions uiting mercaptans 
or mercaptides. 

•• MartdtM. Am., m, 83 (1868). 

"• Fiditerwod SlCMedt, Ber., 43, 3422 (1010); Kicb(«r and Wank, Otr., 43,1373 (1012) 

*•* Haaadstnmt and /. An*. Chem. Soe., 3T, 187# (1#38). 

Otto and BdMfaig, Ber.. 84,1147 (ISftl). 

Otto and TtCesr, Ber., 84, 478 (1801). 

WIimprieht, Ann., 878. 239 (1898). 

, •• Pauly and Otto, Ber., <0. 3181 (1877). 

*® Oitotoi, Smitb, aad pHtar, J. Am. CHem. Bee., 47. 851 (1828). 
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HydiolTsis. Treatment of thiolsulfonic eaters with dilute aqueous 
alkidi*** gives suMnates and disulfides. Sulfenic adds may be inter¬ 
mediate products (qf. p. 921). 

SRSOjSR + 4NaOH ^ RSSR + 4RSOsNa + 2H*0 

Widi Grignard Reagents. Under mild conditions (so that the initial 
cleavage products are not further attacked) both aliphatic and aromatic 
Grignard reagents give sulfinates and sulfides when they are allowed to 
react with thiolsulfonic esters.***’ **^ 


RSO 2 SR + R'MgX RSOaMgX + R'SR 

Reduction. The common occurrence of sulfinic adds among the 
cleavage products of the reactions already discussed is indicative of the 
ease of reduction of thiolsulfonic esters. Metallic zinc,***’ *** zinc in the 
presence of acid,***' ***’ *** and hydrogen sulfide *** also cause reduction. 


RSOjSR- 


j 

-> 

Zn 


Zn + Ha ' 

-► 


HiS 


(RS02)aZn + (RSljZn 
RSOaH + RSH 
RSO»H + RSH + S 


The formation of the salt of a thiosulfonic add from the reaction of the 
ester wth potassium sulfide need not be considered a type of reaction 
different from the others but may be due to the reaction of the salt of 
the sulfinic acid with sulfur. 


RSO 2 SR + KjS -> RSK + RSO 2 K + S -► RSOsSK 

In the presence of potassium cyanide,*’* the thiosxilfonate is not formed. 

RSOiSR -t- K 2 S + KCN -♦ RSK + RSO,K + KCNS 

Other reagents which have been reported to reduce thiolsulfonic esters 
are hydrobromic and hydriodic acids *** and sodium arsenite.*” 

Pauly and Otto, Ber., 11, 2073 (1878); Otto and Rfissing, Ber., 19, 1235 (1886); 
Zincke, Ann., 391, 55 (1912) ; Ann., 400, 1 (1913) ; Ann., 406, 103 (1914). Bee alao Ftonun 
and Grfurt, Bnf. 365. 

Miller and Smilea, J. Chem. Soe., 197, 224 (1925). 

•«> Otto, Ber., 18, lffl2 (1880); Pauly and Otto, Ber., 10,2181 (1877); Otto and 
Ber., SO, 2079 (1887). 

*** Otto and ROeainK, Ber., SO, 2090 (1887); Smythe and Forster, J. CAsm. Soe., 97,1199 
(1910). 

Otto and ROaaing, Ber., 19, 3120 (1886). 

Gutmann. Ber., 47. 635 (1914). 

Fries and Sch&nnann, Ber., 47, 1195 (1014). Baa also Fromm, B«(. 887, 
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Oxidatkm. Oxidation of thiolsuifonic estere by penoanganate in gla¬ 
cial acetic add ^ves sulfonic adds. a-Disulfones *** are fonned when 
hydrogen peroxide in acetic anhydride is used as an oxidizing agent. 


KMnO« 


RSOiSR -H 


HiOi 


^ 2RSO^ 
O 0 

T T 

-> RS-SR 

i i 

0 0 


Wldi Active Methylene Compounds. The sodium derivatives of 
some ^ols undergo thioalkylation ”*•*’« by the action of thiolsuifonic 
esters. The reaction may be illustrated with acetylacetone. 

0—Na 

RSO,SR + CH,0-CHC0CH, -♦ RSO,Na + CH,COCHCOCH, 

I 

SR 


A second thioalkyl group may be introduced. A variety of active methy¬ 
lene compounds, including disulfonylmethanes, have been subjected to 
this reaction. In some cases the reaction gives disulfides,*** as would be 
expected from the action of alkaline reagents upon thiolsuifonic esters. 
In these cases sodium carbonate or sodium acetate may be active enough 
to Ining about reaction between the active methylene compoimd and 
the thiol esters. This reaction has been useful for the synthesis of many 
compounds *** which cannot be obtained by other methods. 

WKli Phenols. The salts of simple phenols cause formation of di¬ 
sulfides from thiolsuifonic esters, in accord with the usual behavior of 
alkaline reagents. However, the dihydroxy and trihydroxybenzenes, 
napbtbols, and hydroxyquinolines undergo thioalkylation, giving sul- 
fid^***' *** 



-f 3RSOtH 


Btooto aad SmilM, /. Chtm. Boc.. 1738 (lOaS). 

CUvwr* and Smttea, ibid., 097 (1028); CUb«m, &U., 2087 (1081): Oid.. 1819 (1082): 
C!ew|» utd Oibaon. ibid„ 909 (1033); 49 (1W4); Olbwm and Loudon, «bid., 487 (1037); 
00^ cw Bott,, M, 2811 (1933); Oibaon, /. Chtm. 088 (1988). 

* fiSrrrnacm and J, Chtm. Boc., 718 (1981). 
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Altiunig^ recent work is laoktng on the structure of these products, 
comparison with the polysulfidee (p. 864) suggests a linear arrangement 
in III of three sulfur atoms with all three completely codrdinated 

av). 

The nature of the action of phosphorus trichloride with thiolsul- 
fonic esters has not been completely established. The condensations 
brou^t about by treatment with concentrated sulfuric acid and the 
products obtained by thermal decomposition,”* with and without acetic 
axihydride, have been investigated in detail. 

Structure of Thiolsulfomc Esters 

The foregoing discussion assumed the structure of the members of 
this series to be that of thiolsulfonic esters. They have also been regarded 
as mixed anhydrides (I) ”* and as symmetrical disulfoxides (II). 

0 0 0 

T T T 

R—S—O—S—R—S—S—R 

I II 

Measurements of the optical rotatory power of unsymmetrical disulf¬ 
oxides*** derived from camphor (Cam—S 2 O 2 —R) are interpreted as 
showing that when the two groups are different the thiolsulfonate struc¬ 
ture is correct (Cam— SO 2 SCH 3 ) but that when they are similar the 
disulfoxide structure is correct (Crun— SO—SO —Cam). Results with 
the derivative from lystine *** (p. 1132) are also interpreted on the basis 
o( the disulfoxide structure. 

The usual r^Kidons of this series can best be-explained on the basis 
of the thiolsulfonic ester structure. Space does not permit a detailed 
discussion of the pertinent data, but a few points are worthy of men¬ 
tion. Isomeric products may be obtained *” by the reaction of the i^i- 
propriaie sulfenyl chlorides with ^ver sulfinates. 


Cl Br ‘ Cl Br 



} OyiiL, Ui, 1400 11832). 

and laviw, J. BM. Chtm., 1M> #71, #88 (W##), 

I 
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more sc^ble m«nbers of <be series may be isobtted as their salts; the 
ferric salts are espedally sati^actory for this purpose and have been 
used for the quantitative determination of sulfinic acids. 

In the older literature the structure of the sulfinic acids was a sub<- 
ject of controvrasy. Some of the reactions mentioned below indicate 
the presence of an —OH group; others can beat be explained by as8um> 
tog that the hydrogen is attached to sulfur. From the viewpoint of 
modem theories of siracture, no question of this sort need be raised. 
Considering the sulfinate anion, both oxygen and sulfur have unshared 
electron pairs and either atom may be involved in reactions. 


: 0 ; 

R:S:0: 

• « •« 



O 

T 

The esters have the alkyl group attached to oxygen (RS—OR), as is 
shown by their resolution (p. 421). 


Medmds of Preparation 


From Sulfonyl Chlorides. Reduction of sulfonyl chlorides by zinc 
dust in water gives zinc sulfinates, from which sodium sulfinates or free 
sulfinic acids may be obtained. 


2RSO1CI + 2Zn —* 


NhCOi 


ZnCli + (RSOt)*Zn- 


HX 


ZnCO, + RSOjNa 
ZnXi + RSOiH 


It has already been mentioned that sulfhydryl compounds may be ob- 
tmned from reduction of sulfonyl chlorides by zinc and acids; this is a 
fflde reaction in the pn^Muation of sulfinates, but good yields of sulfinates 
are usually obtained.*" This method has been widely used in the aroma¬ 
tic aeries. It is apparently satisfactory for aliphatic compounds, but 
aliphatic sulfonyl chlorides have not been readily obtmnable until re¬ 
cently (p. 889). 

Ctf the other redudng agents used, sodium sulfite is probably the 
most satisfactory .**• 

ArSCbCl + NajSO, + 2NaOH -♦ ArSO,Na -f NaQ + iiaSOt + H»0 

’niomM, J. Clum. &»., M. MS (1909); Krisbiui and Sinshi /• Am. Cktm. Sae^ W, 
788 0928); Mettwaen and OebbardV Bar., TO. 792 (1937). 

For asampte, Otto and ROwinK. Bar., tt, 230 (1892). 

e^Botiaon, Ann., IM, 73 (1867); Ann., >M, 287 (1858); Wldtmora and Hamilton, 
<3oU. V(d. 1, p. 479 (1932). 

^ Sinfiaa and Boaa, Orf. Sf/mthmt, CtU. Vol. 1, p. 7 (1982). 
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In the section dealing with tbiolsulfonic esters, reactions vrere noted in 
which Bulfonyl halides were reduced to sulfinic acids (e.g., the reaction 
of sulfonyl chlorides with mercaptans [p. 907]). Some of the reactionB 
of aryl esters of sulfonic acids gave similar results (p. 896). These are 
not important from a preparative standpoint, however. 

From Diazonium Salts. A sulfinic acid is formed *** when an 
acidic solution of a diazonium salt is saturated with sulfur dioxide, using 
copper powder as a catalyst. 

ArNi+SOiH- + 2SO, + 2HjO->- ArSOjH + N* + 2HjSO« 

The yields are in some cases very good but appear to vary considerably 
with the structure of the diazonium compound. 

By the Friedel-Crafts Reaction. Aluminum chloride catalyzes the 
reaction of aromatic compounds with sulfur dioxide to give sulfinic 
acids.***' •*’ 

ArH + SO* ArSOjH 

From Organometallic Compounds. Aliphatic, as well as aromatic, 
sulfinic acids may be prepared ***■ *“ by the reaction of the Grignard 
reagent with sulfur dioxide. The jdelds are generally rather low. 

RMgX + -► RSOjMgX 

Zinc alkyls behave similarly.*®* Tetraethyllead gives a sulfone and sul- 
finate.*** 

O 

t 

(C,dI»)4Pb + 3SO, ^ + {C,H*SOi)iPb 

i 

O 

Gattennium, £«r., U, 1136 (1899); Ger. pat. 130,119 [Chan. Zmlr., I, 969 (1902)]; 
Tr6ger and HiUe, J. pmkl. Chem., [2] 68. 297 (1903); xTnd., [2] 71. 207 (1906)! Todd Mid 
Shriner, J. Am. Chem. Soc., 66 , 1382 (1934); Hann. ibid., 87. 2166 (1036); SjrlvaBtor and 
Wynne, J. Chem. Soc., 691 (1936). 

*" Friedel and Oafte, Ann. (Atm. phya., [6] 14, 442 (1888); Bm3ee and LeBoaeignol, 
J. Chem. Soe., 98, 745 (1903); Knoovenagd and Kenner, Ber., 41, 8816 (1908). 

** Krftnilein, "Aliuninlonudilorid in der organischen Chemie," Vcilag CiMinie, Q.M. 
Bja., Berlin (1932), 2nd Edn. 

Bcnenlteun and Singer, Ber., 87, 2182 (1904). 

** Zuekedaverdt, Ber., 7, 292 (1874); FranUand and Inwranoa, J. Chem. See., 86, 244 
(1879). 
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SulfaiYl chloride reacts with the Grignard reagent,**" produring equiva¬ 
lent amounts of alkyl chloride smd the milfinic acid. 

2 RMga -f SOfCU -» RSOiMgCl + RCl + MgCl, 

Alkyl chlorosulfito *“ react with the Grignard reagent to give alkyl 
esters of sulfinic acids (20-60 per cent). 

O O 

t T 

R-MgCl + Cl—S—OR —* R—S—OR + MgClj 

The formation of sulfinic acids from the reactions of organometallic 
compoimds with sulfonyl chlorides and with thiolsulfonic esters has 
already been discussed (pp. 899, 909). These are not generally used as 
preparative methods. 

From Efliylene Disulfones. The cleavage of ethjdcnc disulfoncs by 
potassium cyanide (p. 883) is an excellent method for the preparation 
of aliphatic sulfinates. 

2RSNa ) RSCHsCHiSR RSOjCHsCHjSOjR 

|kcn 

2RS0tK + CNCHjCHjCN 

Although the same sequence of reactions can be used to obtain aromatic 
sulfinates, these are usually more readily available by other methods, 
and this synthesis is important for the aliphatic series only. 

Other Methods. Sodium ethanesulfinate has been obtained *“ by 
the action of dry oxygen at 100 - 120 ° upon sodium ethylraercaptide, but 
the sulfiinic acids are so readily oxidized that the oxidation of mercap- 
tans is not a suitable method of preparation. 

Fonnation of Add Derivatives. It has been shown (p. 874) that the 
reactions salts of sulfinic acids with alkyl halides give solfones, not 
sulfinic esters. The esters • are formed,*** however, by the action of 
ethyl chlorocarbonate on the salts. 

O 

T 

RSO,Na + aOOOCjH» -► R—»-OCaH, -I- CO* -H NaQ 

*** Oddo, OoM. eUm. itaL, M, XI, 130 (lOOS); Rsiford Mid Haitett, /. Am. Cfum, Soe., 
$7, 4172 (1«36). 

Cant and LMmromiii. Ompt. rend., SM. 2080 (1990); auO. eoa, ehtm., [0] S, 1700 

«* Cbtemon, J. pnekt. Ckem., {4] IS. 223 (1877). 

inonmrifl, Om mUonM Mtd idfinio ettera diffw oorndderaMv in tiieir prop> 
For euunple, ntifona malta »t 70* uid boil* at 248* while ethyl ethane- 

•Odmite ie a liquid, b.p. 60* (16 mm.) 

#Gt«o and RSedttc, /. jraK Chmn., (2] 4T. 182 (1883). 
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Esters are readily obtained *•* by the reaction of sulfinyl chlorides with 
alcohols in the presence of pyridine or potassium carbonate. 

O O 

t T 

R—S—Cl + R'OH + C»HsN R—S—OR' + CtHJSf -Ha 

The sulfinyl chlorides are best prepared by the reaction of the sulfinic 
acids with thionyl chloride in dry ether. 

O 

T 

RSO,H + SOClj R—S-Cl + SO, + HCl 

Anhydrides are formed by the action of phosphorus pentachloride, 
phosgene, or acetic acid-sulfuric acid on sulfinic acids. 

O O 

T T 

RSOiH + rcu -* RS-O—SR + POCl, + 2HC1 

Sulfinamides may be prepared from the usual reaction of the acid 
chlorides with a mm onia or a min es.**^ 


Reactions 

Oxidation. Sulfinic acids are readily oxidized. They give sulfonic 
acids when treated with nitric acid,’®* hydrogen peroxide,’*® or potas¬ 
sium permanganate.’^’ With permanganate in glacial acetic acid, 
a-disulfones are also formed (p. 884). 


RSOjH 


0 O 

Sulfonyl halides are produced ’®®’ by the action of chlorine, bromine, 
or iodine (p. 907) on the salts of sulfinic acids. 

ESOjNa + X, RSOtX + NaX 

PhiUipg, J. Chem. Soc., 1X1, 2683 (1925). 

*** HUditch and SmileB, Ber., 41, 4113 (1908). 

*** Knoevenagel, Kenner, and Polaok, Btr., 41, 3316, 3323 (1906); Otto, Btr„ 10, 3337 
(1887). 

Heiduachka, /. prakt. Chem., [2] 81, 320 (1010); Haalett and R^oird, JProe. /otra 
Acad. Sci., 43, 120 (1036) [C. A., 30, 8186 (1036)]. 

**• Otto and Oatrop, Ann,, 141,870 (1867). 

**' See Harm, Ref. 385. 

"»Otto, Ann., 148, 322 (1868). 


KMnO^ 
in CH,COOH 


RSO,H 

O O 

T T 

RSO:dI + R—S—S—R 

t I 
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Hie reaotioD of salts of solfinie acids witli “poidtive’' halogen compounds 
also gives sulfonyl halides (p. 875), but under the conditions of the reac¬ 
tions the latter are usually converted to either sulfonic adds or disulfones. 

With lliaxonium Salts. Sulfinic acids react with diazonium salts, 
giving diazoBuIfones which may be decomposed to sulfones by heating. 

[ArN,]+X- + RSOiH ArN—NSO,R ArSOiR + N, 


Widi Aldehydes. Crystalline addition products are obtained from 
the reaction of aldehydes with sulfinic acids. The products from 
aliphatic aldehydes are somewhat dissociated in solution but those from 
aromatic aldehydes are more stable. 


0 OH O 

II I T 

R—O-H -I- RSOtH R—CH—&-R 

i 

O 


With okiP-UnBaturated Ketonee, Adds, etc. Sulfinic acids add, pre¬ 
sumably by 1,4-addition, to conjugated systems such as chalcones,^*’* 
cinnamic add,**’* and quinones.^ 




O 

:4c 


OH 




.H. + RSO,H — C.H,CH—CH=-CCJI, 

^,R 

CH=CH CH=CH 


\ 


CH—c; 


\ 

Iv 


^ R90|H • 


-O—C^ ^C—OH 

^CH—Cl 
I 

SO,B 



Replacement by Metals. The reaction of aromatic sulfinic acids 
with mercuric diloride (or acetate) results in the elimination of the 
—SOjH group.** This has been especially useful for obtaining aromatic 
mercurials of known orientation. 


Aj80iH -f- HgClt —♦ ArHgCl SOj + HCl 

ESnigs, ]SS1 (1877); Bbucut, Ann.. SM. 388 (1885); limpriehi, Ser., 18, 

1408» (1886); v. pmJU. Chem., 12) M. 373 (1887); HantMoli. Btr.. U. 636 (1888): 

Trotasr and tnJU, Ck«m^ (2) ff, 388 (1800). 

«• V. Meyer, /. jmiM. Cilem., (3] 88, 167 (1901). 

Solder and IWner, Am. Chem. 81,163 (1804). 

*M l[inBbeis, Ar., ST, 8268 (1884); Btr., U, 1316 (1886); Hinetierc and BimmelwdMin, 
Mtr„ 9»i 3034 (1886). 

«*|Be*H*, Btr., 88, 2667 (1906); Khaweeh and Chalkier, /. Am. Chtm. Sot,, 48, 611 
a«8l]ls VWteow, HaadttoB, and Thunnao, ibid .,«, 1066 (1823); Coffey, J. Chem. ffoe^ 
Wi 

T1 
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Oamphor-lO-Btilfinic acid^“ gives a similar reaction with arsenic tri« 
cUoride. 

RSO»H + AbCU RAsClj + SO* + HCl 

O^er Reactions. Sulfonyl interchange from the reaction of salts of 
suMnic acids with thiolsulfonic esters and with certain sulfones has 
already been mentioned (pp. 911,879). a-Disulfones are formed (p. 884) 
by the reaction of the salts with sulfonyl chlorides. The sulfinic acids 
are especially useful in preparing sulfones (p. 874). The disproportiona¬ 
tion of free sulfinic acids (p. 906) to give sulfonic acids and tiuolsulfonic 
esters and the reaction of the acids with phenylhydrazine (p. 906) have 
been noted. Sulfinic acids also react with hydroxylamine,^'"' with ni¬ 
trous acid,-*® and with nitroso compounds.*** 

Important Sulfinic Acids 

The reaction of zinc dithionite (zinc hyposulfite) with formaldehyde, 
followed by treatment with sodium carbonate, gives sodium formal- 
dehydesulfoxylate (also called “Rongalite C,” “Sulfoxite C,” and “For- 
mopon”). The last is used as a reducing agent in vat dyeing and as a 
reagent for the introduction (upon nitrogen) of the —CHaSOzNa group. 
Since that is a solubilizing group and is readily split off in the body, 
many medicinals are administered as their sulfoxylate derivatives; for 
example, neosalvarsan (neoarsphenamine), which is used in the treatment 
of syphilis, is much more soluble than salvarsan. 

CH|0 Na«CO*' 

ZnSjOi -^ (HOCH,SO,)»Zn-^ HOCH,SO,Na 


Sodium 

FormaldehydevuUoxy i ftto 



Loudon, /. Chem. Soc., 391 (1937). 

Whalen and Jones, J. Am. Chem. Soc., 47, 1353 (1926). 
*<» Koenigs, Ber., 11, 616 (1878). 

«>• Bambeiger and Rising, Ber., S4, 228, 241 (1901). 
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XIL DERIVATIVES OP SULFERIC ACIDS 
General Characteristics 

Reactions from which sulfenio acids (R—S—OH) might be expected 
generally produce disulfides and thiolsulfonio esters.* However, the cor¬ 
responding acid chlorides (R—S—Cl), amides (H—S—NHj), esters 
(R—S—OR), and anhydrides (R—S—O—S—R) are known. Since sul- 
fenyl halides are generally precursors of the others, it is convenient to 
study the entire class of derivative of sulfenic acids by considering the 
methods of preparation and reactions of the halide. 

The members of this serie, as will be shown below, are more readily 
hydrolyzed than derivatives of sulfonic acids or sulfinic acids. The 
sulfenyl chloride are extremely reactive. Only three aliphatic sulfenyl 
halide (CI3CSX, (CaHalaCSX, and (CH3)3CSX) are known; none of 
these has hydrogen on the carbon atom which is attached to sulfur. 
The simple aromatic sulfenyl halide (CoHjSCl, CH3C6H4SCI, etc.) re¬ 
act with moisture of the mr and decompose rapidly; they are usually 
prepared immediately before use. Others (such as p-chloro-o-nitro- 
phenylsulfenyl chloride) are more stable and may be stored for some 
time before appreciable decomposition occurs. 

Preparation of Sulfenyl Halides 

From Disulfides. Sulfenyl chlorides and bromides are prob¬ 
ably most conveniently prepared by treatment of the disulfide with 
halogen under anhydrous conditions at low temperatures. 

At— S-S— At + X, -► 2ArSX 

Aliphatic dbulfides undergo chain halogenation in preference to 
cleavage of the disulfide link; CI3CSCI and (CnH3)30801 are the only 
aliphatic sulfenyl chlorides which have been prepared by this method. 
£v^ tertiaiy butyl disulfide undergoes chain halogenation under these 
conditions. 

From MercaFtsm. Under anhydrous conditions thiopbenols react ***’ 
with chloriiM} ct bi^mine to give sulfenyl halides. In view of the ease 
of formation at disulfides from sulfhydryl compounds (p. 851 ), the 
tomiteT may be mtermediates in this reaction. 

2Ar8H ArSSAr ZAiSa 

. tha mly kae/rnt add &ia mtIm k a^BtbnoukMiBaMiltaiio add: Friaa 

sew (1012): fVka and SdiOnsaBa, E<r.. tt. ai«l (1010). 

’ Ear., M, 7e» <mi). 
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Although the usual product from the reaction of a mercaptide with iodine 
is a disulfide (p. 861 ), the mercury salt of tertiary butyl mercaptan gives 
a Bulfenyl iodide.*’^^ 

((CH3)3CS)sHg + I, 2(CH,)3CSI + Hgl* 

Sulfenyl thiocyanates, which may be prepared by the reaction of 
thiocyanogenwith mercaptans, react similarly"* to the chlorides- 
Both aliphatic and aromatic sulfenyl thiocyanates have been prepared. 

rSH RSSCN + HSCN 


Reactions 

Hydrolysis. Sulfenic anhydrides may be obtained **’• as initial 
products of the hydrolysis of sulfenyl chlorides. If the reaction is carried 
to completion in the presence of excess alkali the anhydrides are con¬ 
verted to disulfides arid thiolsulfonic esters; the latter (cf. p. 909) are 
finally converted to disulfides and sulfinic acids. It is probable that 
sulfenic acids are intermediates in the hydrolysis both of sulfenyl chlo¬ 
rides and of thiolsulfonic esters. 

ArSCl-> At —S—OH _> At —S—O—S —Ai 

K»OH 

O 

T 

4Ar—S—OH-> ArS—SAr -|- ArSSAr + 2HK) 

i 

O 

O 

T NaOH 

Ar—S—SAr-> ArSOjNa -I- Ar—S—OH 

i 

O 

3ArSCl + 4NaOH -> ArSO,Na + ArSSAr -|- 3NaCl + 2Hrf) 

The decomposition of sulfenyl chlorides in moist air or in boiling acetic 
acid "* gives disulfides and thiolsulfonic esters. 

O 

SHiO T 

4ArSCl- > Ar-S-SR + ArSSAr + 4Ha 

i 

O 

Rheinboldt, Btt. bratiL ekim. 8So PomIo, 4.109 (1937) [C. A.. 31, (1938)]. 

e* Lecher end Wittwer, Btr., 08, 1474 (1^); Ledier and Simon, Ben, 04,032 (1921) 

Zincke and Eiemayer, Ber., 01, 701 (1918). 
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Hie hydrolysis of sulfenic esters gives analogouB results; by alkaline 
hydrolysis in aqueous solution ^ disulfides and sulfinic adds are formed; 
acetic acid produces disulfides and thiolsulfonic esters. 

Witii Alcohols and Phenols. Sulfenyl chlorides react with alco- 
hols •” at room temperature to give disulfides and thiolsulfonic esters; 
at higher temperatures disulfides and sulfinic acids are produced. With 
phenols, nuclear substitution occurs.*** 

ArSCl + C JI»OH ArSCeHiOH 

Sodium alkoxides *“ and phenoxides **• may react with sulfenyl 
chlorides or sulfenyl thiocyanates *“ to produce sulfenyl esters. 

ArSa + NaOAr NaCl + Ai—S—OAr 
RSSCN + NaOR -♦ R—S-OR + NaSCN 

It may be noted that the reaction of alkyl hypochlorites with mercap- 
tides does not ^ve sulfenic esters; disulfides are produced. 

2RSNa + R'OCl ^ USSR + R'ONa + NaCl 

Formation of Siilfenamides. Sulfenyl halides react with ammonia,*** 
primary amines, and secondary amines ***’ *“ to give sulfenamides. 

ArSCl + 2R,NH ArSNR* + RsNH HCl 


When the reaction is carried out in ether the hydrochloride of the sulfen- 
amide is obtained. The hydrochlorides and the free sulfenamides have 
been used **’ as solid derivatives of amines. The original amine is reacfily 
recovered *** from the amide. 

HCl 

ArSNR*-> AiSCl + R,NH HC 1 

Id etiier (W-90%) 


Sulfentmilides undergo rearrangement *** to sulfides when heated. If 
alcoholic alkali is used the rearrangement gives a diaryl amine. 


, Nvn. 



^ /8-CANH. 

(o or p) 

-NHC,H» 

^NOi 


)» 

Akoholis 

/NHC(dl4SH 

(0) 


—> 


NaOH 

^N(?, 



***Rrie( and S^flrmaan, Ber., HI, 2182 (1018). 

Bt«lile, E&UMtt, and Hadbwg, /. Am. Chtm. Soc., CO, 2729 (1838). 
Am^carmoutb aad &aitos, /. CAM*. 8oe., 1SS7 (1836). 

and O’MaluaMQr. J- Am. Chem. See,, H, 2340 (1939). 

**^Moara and J(duMon, OiA, 07, 1617 (198S): ibid., U, 1091, 1900 (1080). 
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With Active Methylene Compounds. Good yields of substitution 
products may sometimes be obtained by the reaction of sulfenyl dblo* 
rides with active methylene compounds."*’ "• 

0 0 0 0 

II II II II 

CH,CCHsC0C*H, + ArSCl -» HCl + CH»CCHCOC*H» 

I 

SAr 


The reaction does not always proceed smoothly; sometimes disulfides 
or tars are formed. However, acetophenone and acetone, which are 
generally considered to be rather unreactive methylene compounds, re¬ 
act satisfactorily. The same product is formed from the copper salt of 
acetoacetic ester "* as from the ester. 

Oth^ Reactions. Sulfenyl halides appear to be able to add to the 
olefinic double bond (p. 856). Disulfides are formed by the reactions of 
sulfenyl halides with metals,*" sulfhydryl compounds,"* or potassium 
hyd^ulfide."® 


ArSCl 


RSH 

->• ArSSR 


KSH . 

- f ArSSI 


ArSSAr + HCl + S 


Thiocyanates are formed "* by the action of potassium cyanide. 
ArSCl + KCN ^ KCl + ArSCN 


The use of sulfenyl halides in the synthesis of thiolsulfonic esters has 
already been discussed (p. 906). 


Xm. XmOALDEHYDES AND THIOKETONES* 

General Characteristics 

One of the most outstanding differences betw'een carbonyl compounds 
and their thio analogs is the tendency of the thio compounds to undergo 
polymerization. Thioketones, in contrast to ketones, readily form 
dimers and cyclic trimers; the isolation of monomers is <rften difficult. 
The thioaldehydes polymerize still more readily than the thioketones; 

Zinolce and Baeumer, Ann., 4U, 86 (1618). 
oo Dougherty and Haas, J. Am. Chtm. Soe., 89, 2469 (1937), 

* SehOnberg, “Thioketone, Thiosoetale und Aethylen Sulfide." AArena Samm^^mg 
Chemischer undchemitch-Uschniacher VorbrUgt, Neue Folge, Heft 19, Koke, Stuttgart (1933). 

Kretov and Komi*aarov. J. Oen. Cham. {V.SJSM.), 8, 888 (1938) {C. A., M, 6207 
(1936)1. 
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monomeric thioformaldehyde and thioaoetaldehyde have not been ob¬ 
tained except (possibly) in solution. The compounds (e.g., 9-thio- 
phenanthraldehyde of high molecular wdght may be obtained as 
moDon^rs. 

Although the group is not a chromophore unless it is con¬ 
jugated with another unsaturated group, the unconjugated group 

is a potent chromophore. The monomeric thioaldehydes and tliioke- 
tones are blue, their polymers colorless. 

The monomeric thioaldehydes and thioketones of low molecular 
weight have very disagreeable odors.* 

Thioacetais have been discussed earlier (p. 849). 

Preparation 

Aldehydes and Ketones with Hydrogen Sulfide. Aldehydes react 
with hydrogen sulfide in the absence of a catalyst,“* but results are 
genendly more satisfactory if acid or zinc chloride Is used. These 
catalysts are necessary for the reaction of ketones with hydrogen 
sulfide. Aliphatic and aromatic aldehydes, dialkyl ketones,*^’^ 
aryl alkyl ketones,^ and diaryl ketones all undergo this reaction. 

Rj>C C<R* 

I I 

s s 

\/ 

R« 

Sodium thiosulfate may be used in place of hydrogen sulfide in this re¬ 
action.**' Both the as and tram forms of trithioaldehydes (three hj^dro- 
gena on the same side of the plane of the ring or two hydrogens and an 
alkyl group on the same side) may be isolated.***’ *** The lower-melting 

Wood and Bout, /. Am. Chem. Soc., •#, 1721 (1937). 

* Thioifiobutyraldohydo [Pfeiffer. Ber., 5. 699 (1872)] is said io have an ”aix>minable 
alliaoeoua odor" and thioiaovmleraldehrde [Schrfieder, Ber.. 4, 400 (1871)] to have an 
"offoanTe and persistent odor." Monomeric thioaoetone [Fromm and Baumann. Ber., 
IS. 1035 (1880)1 "has an offensive nauseatiuK odor, much worse than that of other volatile 
sulfur compounds"; its preparation "caused disturbances in the neighboring streets in 
Freiburg and precipitated a storm of protests” and "extremely minute amounts make 
miUiDiis of eufaie meters of air repuluve.” 

'*** Baumann and Fromm, Jffer., S0, 89S 

*•* Baumann and Fromm, Ber., S4, 1421, 3691 (1801). 

Fromm and Bmunann, Ber., IS, 1036, 2606 (1880); Petow, Ber.. 40, 1480 (1907). 

t *»» Boat and Cosby, /. Am. Chem, Soe., 07. 1404 (1036). 

Yanino. /. pnM. Chem., 17, Z«T (1908): Ber., SO. 3261 (1002). 

Vtomm, Ber., St, SSSO ()809); MOller and SdiSlsr, J. prAkt. Chem., lit, 17S (1027); 
amt Soffnar. Ber., IT, 871 (1934); Fromm and Bebultis, Ber„ M. 087 (1023). 

it 
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form is converted to the higher-melting isomer by small amoimts of 
iodides.^* 

The reaction of formaldehyde with hydrogen sulfide has bem 
studied by a number of investigators. Methylation of the reaction 
mixtxire gives, CH 2 (SCH 3)2 and CH 3 SCH 2 SCH 2 SCH 3 (showing the 
presence of CH 2 (SH )2 and HSCH 2 SCH 2 SH), and treatment with iodine 
gives a cyclic disulfide, CH 2 —S—CH 2 —S—CH 2 —S—S, derived from 

I_I 

HSCH 2 SCH 2 SCH 2 SH. It has, therefore, been suggested that the re¬ 
action occurs by addition to the carbonyl group. 


H,C=0 + HsS ;=± HjO 


;h 

)H 


HjO + HjC=^ 
11 “-“ 


etc. HSCHjSCHjSH 


CHjO 
<- 


; Hjc 



Hexamethylenetetramine reacts with hydrogen sulfide, ^ving 
a polymer, (CH 2 S)a:, which is probably analogous to polyoxjTnethylene 
in structure. The thioaldine thiocyanate obtained from acetaldehyde 
ammonia is converted^* to thioacetaldehyde by heating in aqueous 
solution. 

CH, 

OH 

I H,s 

(CHjCHNHj), CHjCH NH HCNS ——> (CH,CHS), 

\ / (HOH) 

CH, 


It is sometimes advantageous to use a derivative (such as the 2,4-dini- 
trophenylhydrazone) of the aldehyde or ketone in the synthesis of the 
thio analog by the reaction with hydrogen sulfide. 


RCH-=NNHC6H,(N0,)2 —^ RCHS + (0,N),C*B:,NHNH, H2S04 

*« Marokwald, Ber., 1», 1826, 2378 (1888); Bor., 10, 2817 (1887); Surrer, Bee. tna. 
chim.., *4, 377 (1905); Klinger, Ber., ID, 1877 (1877); Mkqii end Pope, J. Ohem. fibc., 1*3, 
1178 (1923). 

Ktinger, B«r., ft, 1893 (1876); Ber.. 11,1023 (1878); Ber., ft*, 2195 (ISSO); Bnumann 
Ber., *8, 62, 1869 (1890); Driigmsn and Stooldnga, Proc. Chem. See,, M, llS (19(M); 
Ptateei, (Tom. cAtm. ital.. It, 1^ (1885); Vasino, Ber., M. 3251 (1902). 

Wow. Ber., 1ft, 2844 (1886). 
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The reactions of pol 3 rfunctional carbonyl compounds with hydrogen 
sulfide are s>metiines different from the simple members of the series; 
for example, thiophenes have been obtained *** from 1,4-diketoiies. 

From Meliiylene Halides and Metal Sulfides. Compounds with two 
halogens attached to the same carbon atom may be converted to thio- 
aldehydes or thioketones by the action"* of sodium (or potassium) 
hydrosulfides or sulfides. 

(C8H»)jCa, + 2KSH (Caii)sO-S + 2KC1 + H,S 

{Monomarie) 

aCiHsCHClj + 3Na,S -» (C«HtCHS)» + 6NaCl 

In preparing thioaldehydes by this method *** the Cannizzaro reaction 
(see below) is responsible for the formation of by-products. 

From Ketones and I%osphorus Pentasulfide. Most of the products 
obtained "* from the reaction of ketones with phosphorus pentasul¬ 
fide are dimeric but a few are monomeric. 

RjO =0 R 2 C=S 


When 1,4-diketones are used thiophenes are formed.*** 

CHjr-CH, CH-CH 

I I P,s. II II 

CHr-C C-CH, CHj-€ C—CH, 

Other Methods. It has been noted (p. 862) that disulfides are pro¬ 
duced by the reaction of ketones with ammonium bydrosulfide; the 
reaction is a complex one,**’ however, and it appears that thioketones 
are intermediates. Methylene halides react *** with thioacetic acid or 
its salts to give thioketones. 

AnCa, + CHiCOSH ArsC-»S + CH,COa -f- HCI 



a,c«-Dichlorodiethyl sulfide is converted to trithioacetaldehyde by the 
action of silver 8ulfi(fe, silver oxide, hydrogen sulfide, or sodium hy- 

**> MiUa J. Indian Ciem. Soe., U, (1938) \C. A.. SS, 4982 (1938)]. 

*" Behr, Ber., 9, 970 (1872); KUnger. Ber., U, 801 (1882) r Gktteniuum and Sdiulia, 
Ber., M, 2944 (1890) ; Statidiiver and Freudenbarger, Org. S]/ntft«ttt, U, 94 (1931). 

*** Wood and BiMt, J. Am. Cham. Boe., 89, 1011 (1937). 

*" Spring, Bos. toe. (Mm.. 49. 80 (1883). 

**• Paal. Ber., 18. 387. 2261 (1885), 

f" WillogModt, Ber., M, 2487 (1887); Baumatm and Fromm, Ber., tS, 907 (1896); 
VhlkuMA and Kriwdw, Ann., VK, 170 (1904); Fromm and Hsllm', Ber.. 40. 2978 (1907). 

Ber., 14, 7» (1881); Scfaenbarg, SdiOta. and Nisfctd, Ber., 41, 1376 (1028),' 
JOffeMnin, I. Pharm. Bee. Japm, 87,803 (1937) [C. A., Si. 1880 (1938)]. 
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droxide.*** Thioacrolein is formed by heating glycerol with sulfur at 
175-200® under slightly elevated pressure. Diarylthioketones may be 
prepared by the Friedel-Crafta reaction, using thioihosgene. 

S S 

II AlCJ* II _ 

2ArH + Cl—C—Cl-^ AiCAr + 2Ha 


Reactions 

Oxidation. Oxidation of the cyclic trimers may be carried out in 
the same way as the oxidation of ordinary sulfides (p. 874). The cyclic 
trisulfones obtained from trithioaldehydes in this way form salts 
when treated with sodium ethoxide, may be alkylated, and have the 
general properties of methylene disulfones (p. 881). 

CH, CH, 


S-CH 

/ \ 
CH,CH S 

\ / 
S—CH 


SO*—CH 

/ \ 

CHjCH SO, 

\ / 

SOr-CH 


CH, CH, 

It is interesting to note that, while the cis and trans isomers of the tri¬ 
thioaldehydes might be expected to give cis and trans sulfones, only one 
trisulfone may be obtained. Thus may be attributed to the labilixing 
influence of the sulfone group upon hydrogen, allowing the formation of 
/ CH, r CH, ■j-\ 

an anion \—SO,CHSO,— H+ + l—S 0 ,CS 02 — J / which may read- 

Uy change from one geometric form to the other. 

The trisulfoxide from trithioformaldehyde may be obtained*** in 
both cis and trans forms (p. 484). 

Though most of the monomeric thioketones are converted ******* to 
ketones by the action of hydrogen peroxide, some of the complex ones 
fail to react. Oxidation of trithioformaldehyde by aqueous chlorine 
has been discussed elsewhere (p. 858). 

*•• Mann and Pope, J. Chem. Soe., US, 1178 (1923). 

MO Deleon. U. S. pat. 2,067,201 [C. A.. SI, 1565 (1937)]. 

Ml Gattermann, Ber., SB, 2869 (1896). 

Ml Baumann and Fromm, Per., 13, 2606 (1889); Baumann and Cuiu)a, Ber., S3, 69, 
1874 (1890) ; Campa, Ber., IS, 234, 248 (1892); Baumann, Ber., M, 3074 (1893); Lommitc, 
Ber., IT, 1667 (1894); Petwe. Ber., SS. 2666 (1906). 

Ml Hineberc. J. pnM. Chem., [2] U, 337 (1912); 141, 135 (1085). Sea also the 

nrferenovon p. 484. 
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I*yrol]r8is. Olefins and thiophene derivatives are formed *** by beat¬ 
ing thioaldehydes or thioketones. For example, stilbene ^ or thiones- 
sal^ (tetraphenylthiophene) may be obtained from trithiobenzalde- 
hyde. 

2(C«H6CHS), ^68 + 3CeH,CH=CHC,H» 

2QQO CsHjC - CCcHt 

2C«H6CH--CHCA + 38 -^ II II + 2H^ 

C,H»C CC,H» 

With Alkyl Iodides. Thioaldehydes and thioketones react ^ with 
alkyl iodides (less readily, with alkyl bromides), forming sulfonium 
salts. 

(CHi8), + 3CH,I + 12CH,0H ^ 3[(CH,)3S]+I- + 3CH,(0CH,)* + 6H,0 

The products appear to be those which might be expected by assuming 
that the trithioaldehyde behaves like an ordinary sulfide, giving a sul¬ 
fonium salt which undergoes alkyl interchange according to the reac¬ 
tion already noted (p. 868). 

Witii Salts of Heavy Metals. The monomeric, dimeric, and trimeric 
thioaldehydes and thioketones resemble the sulfides (p. 858) in their 
ability to form addition products with the salts of heavy metals 
such as mercury, platinum, and silver. Both geometric isomers of tri- 
thioacetaldehyde, for example, give salts with silver nitrate with the 
conq)OBition (CH 3 CHS) 8 -AgN 03 and (CH 3 CHS )3 - 3 AgN 03 . 

Otiier Reactions. Thioketones are hydrolyzed ** to ketones by heat¬ 
ing with dilute alkalL 

RiO=S + 2NaOH -» R«0=0 + Nb*S + HjO 

The isolation*** of benzyl dithiobenzoate, dithiobenzoic acid, and 
b«izyl mercaptan from the reaction of benzal chloride with sodium sul¬ 
fide shows that thioaldehydes of the aromatic series may undergo auto- 
oxidation-r^uction in the same way as their oxygen analogs. 

5 S 

11 11 

C»HiCHa» [C.H 1 CHS] C*HiG-SCHfC*H, -♦ C«Ht-0-SH 

*** K(^ Btr^ M, MO (1802); Aim., tft, 3S9 (1803); Bsamaim aod Klott, Bur., M, 

n (lSOl). 8«e »bo Bdtr. B»t. 488, aad Bwimum aad Fiwaai, Rtf. 424. 

‘ RayebUr, RtiS. «a«u dMw., 0188,1838 (190S) ; natenov and Anfamov, J. G*n. Chem 
8 , 838 (1988) (<7. A., 88 , 7277 (lOM)}. 

i' i 
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TMoketones react with carbonyl reagents; thiobenz<^henone, for ex¬ 
ample,*** gives benzophenoneoxime when treated with hydroxylamine. 
^-Thiokfetonic esters, prepared *** by reaction of a /3-keto ester with hy¬ 
drogen sulfide, form sodio derivatives but upon treatment with an aDQrl 
halide undergo alkylation on sulfur, rather than on carbon as is usual 
with their oxygen analogs. 

SO SNa 0 SR O 

!l il 1 II RX I II 

CHaCCHjCOCiH* -» CHjOCHCOCjHs-> CH8C==CHCOC2H6 

Trithioformaldehyde is cleaved “* by treatment with sulfur chloride. 

(CHjS), + SjCh CICH 2 SCH 2 CI 
Anils are formed by the reaction of thioketones with azides. 

(C6H6)2C=S + C 6 H 5 N 3 (C«H6)2C=NCeHs + N*+S 

C«H4-CsHa + CaHaSOjNa — CtH<-C*H4 

II II 

S NSOaCeHs 

XIV. THIO ACIDS AND THEIR DERIVATIVES 
General Characteristics 

The monothio analogs of the carboxylic acids exist in only one form. 
By analogy with the carboxylic acids, their structure may be a resonance 
hybrid of the thiol and thion structures. 



In most of the reactions of thio acids and their salts the result is that 
expected from the presence of a —SH group, and there are arguments ** 
for considering tins the favored structure. 

The acids have (fisagreeable odors and are slowly decomposed upon 
exposure to air. Thioformic acid is not stable but loses hydrogen sul¬ 
fide and forms an amorphous solid mass.*** Thio acidb ate less associated 

*** Mitra, J. Indim Chem. Soe^ 1«, 31 (103S) [C. A.. SS, 4043 (1038)]. 

**'' Sdateberg ftnd Urban, J . Chtm, Soe., 630 (1935). 

«• Blooh, Compt. rand.. 00*, 670 (1938). 

«* Auger, Und., 189. 798 (1904). 
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(oompaTe ROH and RSH, p. 840), and the low^ members of the series 
have lower boiling points than the carboxylic acids. 

The alkali metal salts of the thio acids are crystalline, water-soluble 
compounds, but the heavy metal salts are generally insoluble in water 
and decompose rapidly with precipitation of the metal sulfide. 

Very few aliphatic dithio adds (RCS 2 H) are known, but several of 
the aromatic series have been prepared. They oxidize readily and are 
extremely difficult to handle. 




and dithio es- 


Some thion and thiol esters may be inter- 


converted by heating.The thion esters of low molecular weight are 
oxyluminescent. 

The prefixes thiol and thion are used only in the nomenclature of the 
esters, since the only possible thioamides and thio acid chlorides are those 
corresponding to the thion esters; those corresponding to the thiol esters 
are the same as the amides and acid chlorides of carboxylic acids. 

The thio derivatives of carbonic acids may have distinctive structures 
and reactions and will therefore be discussed separately in the conclud¬ 
ing portion of this chapter. 


Preparation 


Preparation of Thio Adds. A good yield of thioacetic acid is ob¬ 
tained by passing hydrogen sulfide into a mixture of acetic anhydride 
and acetyl chloride. 

(CH,CO)jO + HjS CHjCOSH + CHjCOOH 


Aromatic acid chlorides react with aqueous potassium hydrosulfide 
or milfide to give thio adds, but aliphatic acid chlorides are too readily 
hydrolyzed to give satisfactory results. 


0 

II 

Area + KjS ArCOSK + KCI 

Tarugi, Cku*. Mm. HaL, 17, II, 153 (1897). 

WbMier aDd Barnes, Am. Chtm. », 141 (1890); ibid., 14, 60 (1900); BohOnberx 
tt Ber., 61, 178 (1930); Kwjala and MoEivain, J. Am. Chtm. Sac., 8f, 2966 (1033); 
StdiOnberg et at., Ber., 64. 1300, 2682 (1031); Ber., 66. 289 (1632); Ann., MS. 107 (1930). 
*** Clarke sod Hartman, J. Am. Chan, Soe., 46, 1731 (1924). 

’’mt Jacquembi and Voasehnanii, Cempt. rend., 46, 371 (1860); Aufor and HQsir, ttsA, 
31% 866 (1903). 

'4*® C^OM, Ann., ill, 27 (1860). Bee also KUnaw, BeL 433. 
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IMo adds have also been obtained from the reaction of carboxylic acids 
with phosphorus pentasulfide and from the reaction of carbon oxysul- 
fide with the Grignord reagent."* 

R—COjH R—COSH 

H* 

+ R—Cf —> RCOSH 

^MgX 

They have also been prepared from dithio acids by formation of thio 
add chlorides, followed by hydrolysis. 


RMgX + 


< 


SOa, II HOH 

RCSjH -4 R—C—Cl ->• RCOSH + HCl 


Preparation of Dithio Acids. Probably the most common method of 
preparation of dithio acids is the reaction of a Grignard reagent 
with carbon disulfide. 


RMgX + 




SMgX 



Aldehydes are converted "* to dithio acids by treatment with am¬ 
monium polysulfide. 


O 

II 

R—C—H -h (NH^jS* ■ 


RC^ + NH 4 OH 
^NHi 


Dithiobenzoic acid *** is readily obtained by the reaction of benzo- 
trichloride with potassium sulfide. 

CeHjCCl* -1- 2K*S -+ 3Ka + CbHsC^ ^ C«HsCStH 

w* Kekult. Ann., 90, 309 (1864); Schiff, Ber., 98, 1204 (1896). 

«• Weigert, Ber., S6, 1007 (1903). 

Bloch, CompL rend., 904, 1342 (1937). 

*» Houben and Sohulie, Ber., 43, 2481 (1910); Ber., 44, 3236 (1911). 

*•' Bruni and Levi, Alii, aeoad. Lineei, 89, i, 6 (1923) [C. A., 18.2883 (1924)]; Bloch, 
Bfihn. and Bogge, J. prakt. Chetn., 89, 473 (1910). 

*** StaudingsT and Siecwait. Hebi. Chim. Aela, 8, 824 (1920). Fw a aboBac reaction 
cldoiofonB, ace Nieol, Proe. Sou, See. Edinfrurgh, 426 (1882); J. Chem. Soe., 41, 
689 (1882); DrOmoat, /. pfcorm. cMm., (6194, 426 (189^ ; /. Chem. B«e„ O, ®i (1892); 
£«v|, AM aeead. lAneei, [6] 9, 170 (1929) (C. A., 99. 8498 (1929)}. 
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Artnoatic dithio adds have been obtained^ by the reaction ol 
phenols vrith carbon disulfide in the presence aluminum chloride. 

C,HjOH + CSj H0C.H4CS»H 

Prepuration of Dithio Esters. Esters of the dithio acids have been 
prepared by the action of mercaptans on thioamides in the presence of 
hydrogen chloride and by the action of hydrogen sulfide on imino thio 
esters (p. 851). 

S S 

11 II 

R—C—NH, + R'SH + HCl -!■ R—O-SR' + NH«C1 
NH S 

II II 

R—C-SR + — R—C—SR + NH, 

The ortho esters of this series have been mentioned previously (p. 848). 

Pr^Mucation of Hiiol Esters. The formation of thiol esters by the 
reaction <rf cturboxylic acids with sulfhydryl compounds has been dis¬ 
cussed (p. 848). Mercaptans may be acetylated “* with acetic aixhydride 
ffiad aqueous sodium hydroxide; with mercaptans of high molecular 
we^t better yields "* are obtained by using sodium acetate b place 
of sodium hydroxide. 

0 

II 

<CH,CO)rf) + RSH + NaOH -» CHr-C-SR + CH,COONa -|- H,0 

Aromatic acid chlorides also ^ve satisfactory results with mercaptans 
and aqueous alkali. Aliphatic acid chlorides are too readily hydrolyzed 
to be used m aqueous solution but react under anhydrous conditions 
with thiophenols *** and mercaptfms. Pyridine ^ or trimethylamme *** 
appears to cause the acylation to occur more smoothly. 

O 0 

II II 

R—C-Cl + R'SH + (CH,),N -> R—G-SR' + (CH,),N Ha 

Thiol esters have also been obtained by the reaction of acyl halides 
with mercaptides,^ by alkylation of the salts of thio adds,^ by the 

JSia, Ber., «0> 1466 (1937). 

*" Reid, Orig, Com. Bth Intern. Congr. Appl. Chem. (Appmdig), M, «23 (1912) {C. A., 
y, 3190 (191^}. 

W«nMl uid B«id, J. Am. Chem. Soe., U, 1089 (1937). 

MieUer, Ser., T, 1813 (1874); Joem rad Tukar, J. Chem. Soe., 98.1904 (1909). 

jQojmbwi. Ari^ Xemi, UinemL GeO., 188, No. 47 (1938) {C. A.. 88.4181 {1938}] 
|4W KoUtoo, So t e broa h t, rad B ww r, J. Org. Chem., h, BOS 

NBoUor, Ann., m 182 (1871^ S Obanuytr, 8«r, 80, 2920 (1887). 

!> 
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hydrol3rsis of uxuno thio esters^^ and by the action of morcaptides on 
esters.** 

O 0 

II II 

2R—C-Cl + Pb(SR0*-► 2R—C—SR' + PbCl, 

0 

RCOSNa + B.'X ^ R—C—SR' + NaX 

NR O 

II Ha II 

R—C—SR + H*0 —> R—C—SR + RNH, HC1 
0 O 

II 11 

R—C—OCdH, + R'SNa > R—C—SR' + C#HsONa 


esters. 


Ketene reacts readily with mercaptans, giving high yields 


UJ IrlUUl 


O 


RSH + CHi 


CH,—C—SR 


Preparation of Thion Esters. The method ordinarily used for 
the preparation of thion esters is the reaction of dry hydrogen sulfide 
with imino esters. 

NH HCl S 

II II 

R—C—OR "1” H 2 S —► R—C—OR ”1“ NH 4 CI 

Thion esters have also been obtained from the reaction of the Grig- 

nard reagent with chlorothioncarbonates. 

S S 

II II 

RMgX + Cl-C—OR -» R—O-OR + MgClX 

Preparation of Thioamides. Thioamides are usually prepared by 
the addition of hydrogen sulfide to a nitrile.*” 

S 

II 

R—C^N + H,S -> R—C—NH, 

WaUach and Bleibtreu, Ber., U, 1062 (1879). 

Seifert, J. pmkt Chan., [2] SI, 462 (1886). 

•n Hurd and Williams, J, Am. Chan. 8oe., SB, 962 (1936). 

Bakorada, Mem. Coil. Sei. Kyoto, 9. 237 (1926) ; Md., 10,79 (1926) [C. A., tl, 3468, 
3609 (1927)]. 

«» rMepina, BuU. eoe. chim., [4] 43, 604 (1911). 

Gautiar, Ann., IM, 289 (IM?); Ralston, van der Wat, and CAsm, 

4. 68 (1939). 
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The leacticm is carried out in a sealed tube or by adding nitrile to 
aloohc^ that has been saturated vritli ammonia and then with hydrogen 
sulfide. In the case of certain nitriles which do not react under these 
conditions, high yields of thioamides have been obtmned by replacing 
the ammonia with triethanolamine. Isonitriles react with hydrogen 
sulfide to give thiofonnamides.*”- 


RNC + -♦ RNH—C—H 


The reactions of isothiocyanates with the Grignard reagent,*" 
sodium phenylacetylide,*’f or the sodium derivative of active methylene 
compounds may be us^ for the preparation of thioamides. 


R_N=0=S 


R'MsX H* 

■ > R—N=C—SMgX 


RNH—C=S 

I 

R' 


SNa S 

C«H,CfeCNa -4- R—N=0=S -► C,H,CfeC—<i==NR C,R,CfeC—I j—NHR 


tCH{CXXK!,H,),]-Na+ + R—N==C==S 


NaS 

- R—N===(!!—CH(COOC^0i 

8 |h* 

R—NH—<!^-CH(C00C,H,)» 


Thioamides have also been prepared by the reaction of amides 
with phosphorus pentasulfide,"*' from iminochlorides,®* from ami- 
diiBBS,**®’ *** and by the Friedel-Crafts reaction.®* 

O S 

II II 

R-C—NH, —^ R-C—NH» 

R—C—NR HQ RC-NHR + 2HC1 

I II 

a 8 


Olin atkd Jobnaon, Bee. tnw. ekim., SO, 72 (1031). 

«• Hofmann, Ber^ 10. 1006 (1877). 

Hofinann. Ber., It, 388 (1878). 

*''' Sacha aiul toevy, Ber,, 87, 874 (1004); Gilman and Furry, J. Am. Chem. 8oc., SO, 
1214 (1928); Scdivarti and Johnaon, t&td., tS, 1063 (1931). 

WoTwU, /. jiw, Chem. Soe., », 1486 (1937). 

Ruhemana. J. Chem. Soe., M, <m. 626 (1906): WonaU, J. Am, Chem. Boo., SO, 1457 
'-Ct^). 

4*BemtlMMm, Bar, U, 808 (1878), 

P heo, Ber., 10, 2134 (1877). 

. p^BaraUiaen, Bar., IB, 1388 (1877); Atm., Itt. 29 (1878). 
pRtMiatmn imd OattMiiiaiHi, Bar.. 38,8635 (1802). 
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H .8 


C.Hj< 


< 


NC,^5 

NHC,f[» 


CSi 


S 

i! 

CeHsCNHCOIs + CjajNH, 

s 

11 

CaijCNHCsHs + C«H,N=C=S 

s 


CeH» + C6 HsN=C=S 


AlCU 


^ Cai6NHCC«H» 


Preparation of Thio Acid Chlorides and Anhydrides. Thio acid chlo¬ 
rides are prepared by the reaction of dithio acids with thionyl 
chloride. Thio anhydrides (diacyl sulfides) are obtained ^ by the re¬ 
action of an acid chloride with potassium sulfide or with the lead salt 
of a thio acid. 


SOCli ti 

RCSjH-^ R—C-Cl 


2R—C—Cl -{ 


KiS 


(RC08),Pb 


O 0 

II II 

^ R-O-S-C—R + 2Ka 

0 o 

II II 

2R—C—S—C—R PbClj 


Diacyl disulfides may be obtained by the method already mentioned 
(p. 862), by the reaction of iodine with sodium salts of thio acids,*** or by 
the electrolysis of thio acids.*®* 

O O 

II II 

2RCOSNa + I*-^ R—C—S—S—C—R + 2NaI 

O O 

2RCOSH > R_o-S—S—i>-R -|- Ht 

At anode At eathode 

Reactions 

Reactioni^ of Thio Acids. Probably the most notable cbaracteristio of 
thio acids is their reactivity as acylating agents. Thioacetic acid, for 
example, acetylates amines *" readily at room temperature. Thio adds 

*** Staodinaor and Singwart, Rnf. 460. 

*“ Daviea, Ber., *4. 8649, 4261 (1891) ; Fromm, ilnt*., 848, 144 (1906). 

«» Bunge, Ber., 8, 297 (1870). 

*•» l^wlewBki, Ber., 81, 661 (1898); Ber., 86. 110 (1902); Eib&er, 84, 667 (1901). 
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react with alcohols to give esters and are rapidly hydrolyzed in the 
presence of moisture; the hydrolysis occurs so readily that tiuo adds 
may be used in place of hydrogen sulfide in analyds. 


CH,C30SH + H,NC.H» 


K'OH 


RCOSH- 


HiO 


0 

II 

CHr-C—NHC*Hj + H,S 
O 

II 

R—C—OR' + 

RCOOH + H,S 


Thioacetic add reacts readily with olefins “• 
resulting from '‘abnormal addition” (p. 639). 


m. 4 « giving thiol esters 
O 


(CH,),0=CHCH, + CHjCOSH -> (CH,)2CHCH-S-CCH, 

I 

CH, 


The thio acids are oxidized by atmospheric oxygen and are converted 
to diacyl disulfides by mild oxidizing agents (p. 935). 

Reactions of Thioamides. The tbioamidcs, in contrast to their oxy¬ 
gen analogs, are weak adds; they dissolve in aqueous alkali and may 
be repiedpitated by passing carbon dioxide into the alkaline solu- 

ti(Hi «o. m 

S S 

II N«OH _ COi II 

R-C—NH,-> [RCSNH]-Na+ —^ R-C—NH, -f- NaHCO, 

XI fO 


The salts of the thioamides may be isolated; they react with alkylating 
agents to give S-alkylisothioamides (imino thio esters). 


SR' 

1 

CRCSNH]-Na+ + R'X NaX + R—O-NH 


One of the most us^ul reactions of thioanudes is that with a-halogen 
aldehydes or ketones to give thiazoles.*** The results of this reaction, 
as well as theMltt formation noted above, suggest that the thioamides 
ars tautoc^MlEf 

Chm. Boo., SS, 443 (1001); Stewart and MeKfamer. M, 1432 
and Taioil, £«r., ST, 3437 (1^) ; Yoe and Wtraiag, Xm. CAmh. .See., 6i 

•Ref, Xnn.. 380,307 <1304). 
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R 


^NH, ^NH 


CICH, 

I ■ 

0=G-R 


/S-CH 

““^n4r 


Benzothiazoles have been obtained by the oxidation of thioanilides. 



o 

(K|Fe(CN),) 


NaOH + R—C< 



Thioamides are readily hydrolyzed *“ by heating with aqueous acid 
or alkali; they may also be converted to nitriles by elimination of hy¬ 
drogen sulfide.^** 

+ 2HjO + HCl RCO 2 H + HiiS + NH 4 CI 
2 


R-C/ 


A characteristic blue color, probably due to thiobenzophenone, is 
formed**® when thioamide.s are heated with benzophenonedichloride; 
this may be used as a test for thioamides. 

Reactions of Other Compounds. Thio acid chlorides react in the 
same way as their oxygen analogs but are less stable.*®* Thio anhydrides 
are readily hydrolyzed. Dithio acids are oxidized by air *** or mild oxi- 

/ I I \ 

dizing agents **^ to thioacyl disulfides \R—C—S—S—C—R/ ; these may 
be used *** for the acylation of amines. 

The only characteristics of thion esters which are worthy of note 
are their rearrangement,*®* the ease with which the sulfur atom is re¬ 
moved, and their hydrolysis.*’* Thiol esters may also be hydrolyzed 
(pp. 843, 848) and are oxidized *®’ by aqueous halogens. 


0 0 0 

II Cl, li II 

C|Ht—C—SC rHs > CeHjC—OH + CsHtC—Cl + CrHiSOiCI 

Dithio esters undergo ammonolysis with concentrated funmonium hy¬ 
droxide.*®® 

*” Jacobsen, Ber., 19, 1067 (1886); Ber., SO, 1895 (1887); Jacobsen and Ney, Bar., li, 
904 (1889). 

*>• BUnV , Ber., SB, 3040 (1892). 

*** Jorgensen, J. prakt. Chem., [2] 66, 33 (1902). 

*" Tsohugaeff, Ber., 36, 2482 (1902). 

**• Houben and Pohl, Ber., 46, 1303 (1907). 

*” EJotdt, H6hn, and Bugge, J. prakt. Chcm., 81, 473 (1910). 

**• Saperl and Wasitewska, Rocmik% Chem., 16, 304 (1936) [C. A*, M, 8UD (1996)}, 
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S 

II 

C«H(—C—rSCHjCaHs + 3 NH 4 OH —*■ 

0 

II 

C*H,—C-NH, + C,H»CHaSH + (NH 4)»8 + 2H,0 


Derivatives of Carbonic Add 

The sulfur analogs of carbonic acid offer structural possibilities which 
are not found in any of the other acids. In addition to the usual thiol 
(I) and thion (II), there are theoretically two dithio acids; a dithiol (III) 
and a thionthiol (IV) acid. There may also, in this case, be derivatives 
of a trithio acid (V). 

O S O S 8 

II II II II II 

HO—C—SH HO—C—OH HS—C—SH HO—C—SH HS—C—SH 

I n III IV V 


Though these acids are unstable, their salts and other derivatives are 
known. For example, the esters of all of these may be prepared by the 
reaction of phosgene or thiophosgene with the proper alcohol or mer¬ 
captan. 


S 

I! 

RO-O-OR ^ 


ROH 


RS—C—SR *■ 


II ROH II R8H II 

Cl-C-Cl-RO—C—Cl- > RO—C—SR 


0 

li 

RS-C-SR ^ 


RSH 


BSH 


0 


O 


0 


II RSH II ROH II 

Cl—C-Cl-»■ RS-C—Cl- > RS-C-OR 


The thio derivatives of carbamic add are the some in number as 
those from ordinary adds; thiolcarbamates (VI), thioncarbamates 
(VII), and dithioearbamates (VIII). Thiourea (IX) is the only thio 
diamide of the ^pties. 

0 S S S 

11 K II II 

,H»N-C-®I H*N—C—OH H,N-C-SH H|N-C—NHi 

: VI vn vin ix 


V 


im of the ^mmts of wat^ or amnuHiia from these amides 
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leads to two types of structure which cannot be derived from other thio 
adds: thiocyanic acid (X) and isothiocyanic acid (XI). 

H—S' •’ O ^N H—N*“=C=S 

X XI 

In general, the tMo derivatives of carbonic add behave as might be 
expected from the information already given about thio add derivatives 
and from knowledge of the simple carbonates. Therefore, no attempt 
will be made to discuss the entire series; the following treatment will be 
limited to a few specific types or individual compounds which seem 
especially important or interesting. 

Xanthates. The salts of 0-alkyl derivatives of IV are known as 
xanthates. * They are obtained by the reaction of an alcohol with 
carbon (fisulfide f in the presence of alkali. 

S 

II 

ROH -h CSi -b KOH RO—C—SK 4- H,0 


The xanthates from n-butyl and isoamyl alcohols have been used in 
dotation. The xanthates may be alkylated by the usual reagents; the 
esters of low molecular weight obtained by this method show the property 
of chemiluminescence in air.“® The most important application of the 
xanthates is the viscose process (p. 1683) for rayon and cellophane. 

Dithiocarbamates. Carbon disulfide reacts with ammonia and with 
primary and secondary aliphatic amines to give salts of dithiocarbamic 
acid. 



S 1 

s ■ 


1! RNH, 

II 

RNH, -b CS» 

RNH—C—SH -4 

.RNHC—S. 


Not isolated 


R]srH,+ 


Alkali metal salts may be obtained by the use of alkali in the reaction 
of the amine with carbon disulfide. The dithiocarbamates are readily 
oxidized to thiuram disulfides, and these may be converted to sulfides. 
The thiuram disulfide and sulfide obtained from dimethylamine are 
known as “Tuads" and “Thionex” respectively and are important aooel- 


* The name is derived from the Greek (xarMos, yello'w). 
of all xanthates, but to their insoluble, yellow cuprous salts. 


It does not refer to the color 

s a 


t4R0CS.K + 2 CuS 04 -► 2ROCS»Cu + 2 K.SO, + R06—S—B—COR.] 


“• Zaise, Ann., IS, 178 (1835). 

t Carbon oxysulfide undergoee a similar reaction, yidding a product known as "Ben- 
der’a adt"; CtHtOH + COS + KOH -» HiO + CiH»OCOSK. [WeddeoburR, fisc, iros. 
Mm., «7,486 (1S28).] 

Ddepina, fiuB. tec. ehim., (4] 7, «)4 (1910). 
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erators for rubber vulcanization. The thiuram diaulfide from fdperidine 
is also used for this purpose. 

S 

(CH,),NH + CS, + NaOH -> (CH,),N—C—SNa 


S 


S 


(CH,)»N—O-S-S—C—NCCHi), 
KCn/ “Tu*d»” 


KNCS + (CH,),N—C—S—G—N(CH,)i 

“ThlOIMkx” 


The reaction of aromatic primary and secondary amines vdth carbon 
disulfide gives derivatives of thiourea. 

Thiourea. Thiourea (thiocarbamidc) may be prepared by reactions 
analogous to those used for the synthesis of urea: the addition of hydro¬ 
gen sulfide to cyanamide or the use of ammonium thiocyanate in the 
Wdhler synthesis. In the second method, higher temperatures are re¬ 
quired and the equilibrium is less favorable than in the rearrangement 
of ammonium cyanate. 

S 


H,N-C—NHi 
S 

II 

HjN—C—NH, 

28% 

The reaction of thiourea with alkylating agents (p. 841), producing 
S-alkylisothioureas (“pscudothioureas”), suggests that thiourea may be 
tautomeric (compare with the other thioamides, p. 936). 

8 SH 

II I 

HjN—C—NH, ^ H,N—O—NH 

SR 


The abscMptkm Jpectrum of thiourea resembles that of RjN—O—NR 

S 

jpore than that of R 9 N— C —NR®. However, the pH of sdutions of 

. Budmoan aod Vmnky, J. Am. Chem, Soe.,tM,lM (1980); Bmdqr and Buduwm 
W, 1270 (1981); Bwriw. Chtmie A imhittrU, M. 1033 (W33). 

Pf Quart, J, Inima Cham. 80c., 4, 317 (19ZI) (C. Ah ftt. 3026 <1927)]. 

fW]lh>tor and Bwd, Beh. Chim. Arta, U. 1219 (IMS). 


H,NCsN 


H,8 


140' 

NH 4 SCN- y 
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thiourea and its a(grl derivatives indicate that the thion 
structure is predominant. Spectroscopic and x-ray data indicate that 
in the solid form, at least, thiourea and urea have similar structures. 

Thiourea is useful in synthesis (p. 841) but has no large^cale com- 
merdal applications. With formaldehyde it gives products similar to 
urea-formaldehyde resins. Thiourea forms complex addition products 
with salts of the heavy metals and forms salts with strong mineral acids. 
Thiouronium nitrate is explosive. Thiourea is more readily acetylated 
than urea.** It may be oxidized in acid solution to a strongly basic 
disulfide (H 2 NC(:NH)S—SC(:NH)NH 2 ) and by further oxidation to a 
sulfonic acid,*®* H 2 NC(:NH)SOaH. Some of the thiobarbituric adds, 
obtained by condensing thiourea with substituted malonic esters, are 
powerful hypnotics.*^® Substituted thioureas may be prepared by heal^ 
ing amine thiocyanates, by the reaction of alkyl isothiocyanates with 
amines, by the reaction of aromatic amines with carbon disulfide, by 
heating the amine salts of dithiocarbamic acid, and by the reactions of 
amines with thiophosgene. 

S 

RNHs-HNCS RNH—C—NHj 

S 

II 

RN=x=0=S + RjNH —> RNH-C—NR, 



S 

li 

2ArNH, + CS,-> ArNH—C—NHAr -i 


r s ' 

i 11 

IrNH-C-S 


s 


RNH,+ —)• RNH—C-NHR + H,S 
6 

4B^ + C1,0=S —> RtNCNR, + 2R,NH Ha 


“• Cristt^ Seigneuiw, end Fouroede, Compt. rtnd., 800, 2223 (1036). 

*** end Siefken, Aen., 4K, 192 (1927). 

ri ftwumy and Nitte, BuU. Ckem, Soc, Japan^ 3, 128 (1028) It>. A., 88, 3073 (1928)]; 
Wyckoff and CW. Z. KriO., 81, 386 (1932) [C. A.. 86, 4992 (1932)}. 

Dubeky, Okao, and Trtdlek, Afifcroefcmw, 17, 332 (1936). 

** Warner, y. Chem, Sac*, 100,1120 (1016). 

*** Boeeeken, Roc. One. chim*, 65,1040 (1936). 

MiUer, Munch, Oroaday, and Hartung, J. Am. Chew. See., 68,1890 (1986) j Tabem 
and Vdwilw, OicL, 67. 1961 (1036). 
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Biphenylthiocarbanilide (sym.-diphenyIthiouTea), piepaml by tbe re* 
actitm of aniline with caj-bon disulfide, is an important rubber accelerator. 

Udocyanates. The reaction of potassium tMocyanate with potas- 
shim bisulfate results in the evolution of vapors which may be con* 
densed to a white solid. Although this is called thiocyanio acid, it 
may be an equilibrium mixture of thiocyanic and isothiocyanic acids 
(H—S—OsN S»»0-NH). It melts at about 6“ and decomposes 
within a few minutes at room temperature. Concentrated solurions in 
dry organic solvents can be kept only at low temperatures, but dilute 
solutions are more stable."* 

Tbiocyanogen —S—S—CfeN) may be obtained by the reac¬ 

tion of metallic thiocyanates with halogens. In its use for the estima¬ 
tion of unsaturation *** and in its reactions with aromatic compounds “* 
it is analogous to the halogens; thiocyanogen has been called a pseudo- 
halc^en."* Good yields of aiyl thiocyanates are obtained by treating 
a metallic thiocyanate and an aromatic compound with bromine *** or 
copper sulfate."* 

AtH 

2KSCN + Br, -♦ 2KBr + (SCN),->• ArSCN + HSCN 

4KSCN + 2CuSOt KiSO« -f Cuj(SCN)i -f (SCN), ArSCN + HSCN 

ArU 

Alkyl thiocyanates, RSCN, are relatively stable but upon beating 
may isomerize to isothiocyanates. They are usually prepared by alkyl¬ 
ation of a salt of thiocyanio acid;*" a few have been obtained by the 
reaction of mercaptides with cyanogen chloride. 

RX + KSCN KX -I- RSCN 
(RS) JPb + 2CICN -» PbCl, + 2RSCN 

Alkyl thiocyanates may be oxidued to sulfonic acids (p. 889) and reduced 
to mercaptans."* Lauryl thiocyanate,"* Ci2H288CN, tmd butyl carbi- 
tol thiocyanate, C4H*0CH2CH20CH2CH2SCN (“Lethane”), Me im¬ 
portant insecticideB which have been recently developed. 


*" Esaftmum md Kil^, Ber.. H, 16S3 (1925). 

*“ C)d(hratt and PkmtkowSki, J, Am. Chtm. Son., M, 2086 (1984). 

»• Dienake, Bee. in». cMm.. «•. 164 (1927). 

,«* Kauftama and liape, B«r., 97. 923 (1924). 

' *** EaufaiMa and Odbring, Btr., 69,187 (imS). 

.*** Kaufnaum awl Kfiefaler. Btr., 67,944 (1984). 

I** IMqw aad lefiaox, Compl. rmd., 176,168 (1921). 

|*>* Bifoaim. Ber.. i. 169 (1868). 

Salabaia. aad IMata, Jni. Snt- Chem.. 67. 1842 (1986). 
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Isothiocyanates. Alkyl isothiocyanates, also called “omstard oils/’ 
have a characteristic sharp odor and biting taste. They are usually ob¬ 
tained by the rearrangement of thiocyanates or by heating dithiocar- 
bamates with mercuric chloride “* or basic lead acetate.®** 

R— S-ObN ^ R— N=»C=S 
RNHCSsNH^ + HgCU- ^ RNH3CI + RNHCSjHgCl 

i 

RN==C=S + HgS + Hg 

RNHCSjNa + CHjCOjPbOH —> R—N==C=S + PbS + CH,C0jNa+H,0 


The reactions of isothiocyanates are analogous to those of isocya¬ 
nates. Isothiocyanates react with water to give disubstituted thioureas, 
with alcohols to give thioncarbamate.s, with amines to give thioureas, 
and with the Grignard reagent (p. 934) to give thioamides. 


R_N=C=.S 


HK) RNC8 II 

RNHCSiH -+ CS» -H RNH,-> RNH-C—NHR 


R'OH 


^ RNHC—OR' 
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INTRODTICnON 

Organic fluorides have been prepared by a variety of methods, and 
their properties were investigated with varying thoroughness from 1843 
until 1930. The most accurate work has long remained accessible in 
abstract form only, and this probably explains why the fluorides acquired 
the undeserved reputation of dangerous laboratory curiosities. After 
1930, however, the commercialization of polyfluorides as refrigeration 
agents in household devices and, more strikingly, their use in air- 
conditioning equipment brought a sudden, perhaps overenthusiastic, 
interest in these compounds and a tendency to regard all fluorides as 
harmless, inert compounds. From about 1938 to date more critical 
studies have made it possible to classify the degree of chemical activity 
of the various fluorides, to take advantage of their activity as well as 
their inertness, and to present a coherent picture of the subject as a 
whole. 

One finds that, after the classical pioneering of Moissan was com¬ 
pleted around 1900, worthwhile contributions in the next twenty-five 
years were practically limited to the investigations of Fr6d6ric Swarts. 
Since 1925 more numerous and more critical publications have appeared. 
The present survey aims at a comprehensive picture of the field as of 
January 1,1941. In order to avoid duplication, it leaves the description 
of details, academic curiosities, and studies that are interesting but not 
general in nature to preceding compilations.* 

The presentation is almost completely limited to aliphatic comr 
pounds, because aromatic fluorides have chemical, physiological, and 
physical properties which are more or less predictable from the known 
trends of the other aromatic halides, whereas aliphatic compounds may 
or may not show the characteristics to be expected by analogy. 'Die 
aliphatic compounds have also been used in more original applications. 


METHODS OF PREPARATION 

All the methods known to introduce halogen atoms into oiganio mole¬ 
cules can be used to synthesize fluorides. All of them, however, have 
imp or tant limitations. At the present moment the method most gen¬ 
erally used is the interchange of halogen atoms between an organic halide 
and an inorganic fluoride; second in practical importance k the addition 
of hydrogen fluoride to a double or triple bond, a method which is yet 
in its infancy, but is growing fast. 

* Kev nlermoea may be found at the end of the olii 4 ;iter. 
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Direct Fhsoriiutioii. Most organic substances bum or explode when 
introduced into a fluorine atmosphere. Carbon g^ves mostly carbon 
tetrafluoride, but also small quantities of other compounds (C 2 F 0 , C 2 F 4 , 
CgFs) and apparently higher homologs CnF 2 «+a-‘’ *’ ’’ * Some cyclic 
ecHnpounds have been claimed but in an imoonvincing fashion. Hydro¬ 
carbons can be fluoiinated in the gaseous form over copper gauze by 
means of fluorine diluted by nitrogen; and a variety of reaction products 
obtained by the replacement of hydrogen by fluorine in the original hy¬ 
drocarbon, and its decomposition products, have been listed.*’ •> »•» 

The hydrogen atoms, the chlorine atom, or both elements may be re¬ 
placed in ethyl chloride.'*’ Organic polyhalides undergo partial replace¬ 
ment of the halogens, and ethylenie or aromatic polyhalides give products 
of addition as well as substitution."' " 

Liquid or dissolved par affins and halogenated derivatives have re¬ 
peatedly been subjected to fluorine, but without much success and with 
many accidents due to accumulation of imreacted fluorine: successful 
results have, however, been obtained by causing the fluorine action to 
taie place at the surface of the liquid '* or in an inert solvent." 
General indications have been obtained that the fluorination of fatty 
acids occurs mostly in the /3- and y-positions, and it has been claimed 
that the hydrogen atoms in an o-poation are protected by the adjacent 
carboxyl group."’ “ Olefins and olefinic acids have given very small 
yidds of (fifluorides.'*’ “ Other compounds have given indefinite, fluo¬ 
rine-containing products. 

This method seems to have some limitations. 

(a) When it is used to replace hydrogen, it inevitably consumes one- 
half of the fluorine, the most valuable reagent, to manufacture hydrogen 
fluoride, a cheaper by-product. The reaction products are frequently 
difficult to separate from the starting material as well as from each other. 

* Compt. read.. 110, 276 (1890). 

* Lefaeau aod Damiena, -ilnd., 181, 1340 (1036). 

' Ruff and Keim, Z. anoro- aUoem. Chem., m, 249 (1930). 

* Siinona and Bk>ok. /. Am. Chan. Soi., M, 1407 (1937) ; 01, 2964 (1939). 

* Bifdow, P«am>n. Cook, and Miller, ibid., M, 4614 (1933). 

•Calfeemd Kcelow, ^., 09, 2072 (1937). 

’ (TaUe^Fukuhara, and Biselow, ibid., 01. 3652 (1939). 

' Yoong, Fukoltsra, and Bigdow, ibid,. Of, 1171 (194(>). 

* Ha<ae>f and Bigeloir, ibid., 00, 3302 (1940). 

CaUee, Fukuhan, Young, and Bigeloir, iW., 0|, 367 (1940). 

" Bigdow and Ptwraon, iMdL, M, 2773 (1934). 

Main. CUfM, and Bigdow, ibid., 00,198 (1987). 

Fukniumt sad Bigdmr, ibid., 00, 437 (1938). 

" Fradeahagan and Cadanbaoh, Bar., 07, 928 (1984). 

ilWBadnmafler, dim.. fOO, 20 (lM3). 

; MjMfller, J. Am. Chtm. Baa., 01 , 841 (1040). 

Oaleott and Bamdag, V. 8. pat. 2,018,0% IC.A., M, 6900 (1986)]. 
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The heat of reaction is greater than the energy required to break a 
carbon-to-carbon linkage. 

(b) To replace halogen atoms, the action of free fluorine does not 
have any advantage over other methods which are cheaper, more con¬ 
venient, and less dangerous. 

(c) In all cases the number of substitutions and the location of the 
fluorine atoms in the reaction products have been unpredictable and 
their precise control is not yet available. The purity of the fluorine is 
of great importance, and stress has been placed on the adverse effect of 
small amounts of oxides. 

Esterification of an Alcohol. It is possible but entirely impracticable 
to esterify an alcohol with concentrated aqueous hydrofluoric add, 
because the saponification of the monofluorides is far too preponderant. 
It is equally impracticable to circumvent this by removal of water, 
because all the desiccating agents tried have caused the decomposition 
of the fluorides into olefins and hydrogen fluoride. The same objection, 
as well as the formation of ethers, defeats attempts to interact alcohols 
with an excess of anhydrous hydrogen fluoride. Finally, a roundabout 
procedure such as the use of a phosphorus fluoride leads only to esters 
of phosphoric acid. These obstacles explain why the synthesis of 
fluorides by esterification has been almost completely abandoned. 

Addition of Hydrogen Fluoride. The addition of hydrogen fluoride 
is a new procedure which offers much promise. Acetylene itself reacts 
with difficulty, at room temperature, to give a mixture of vinyl fluoride 
and asymmetrical difluoroethane, but the higher alkynes react readily 
at —70'’ to —60® to give 2,2-difluoroalkanes exclusively.** The main 
problem is to obtain the completion of the addition reaction and at the 
fiamft timo prevent the formation of resinous products. 

Olefins and hydrogen fluoride have been successfully combined.** ■ * 
The addition invariably yields a secondary or a tertiary fluoride, but 
never a primary compound except, of course, for the addition to ethylene 
itself. The practical problem is to hinder the reversal of the reaction, 
which is particularly likely to occur with tertiary fluorides and is «i- 
hanced by heat or the presence of acids. This difficulty disappears when 
the olefin already carries a halogen atom on one of the doubly linked car^ 
bon atoms: for instance, vinyl chloride yields stable CHsCHClF, while 
CHsCH—CCI 2 very easily gives CHaCHaCCbF, and CSHaCO^-CHCl 
yields CHsCClFCHjCl quantitatively.” In ^ cases, the rule of Mar- 

^ T. Groase and Lind, Baltimore meeting of the American Chemieal Society, 1939. 

Qroese and Lind, •T. Org^ S, 26 (1938). 

** V* Qrome, Wackw* and Lind, J, Phya. Chem.t M, 275 

^ fiatme Whaley, unpublished results. 
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koix'iuki^ and tlie theory of Kharasch ” are-verified, and bo far it has 
been imposrible to reverse the direction of addition. The patent litera* 
tore **' ** describes the addition of hydroj^ fluoride to olric and stearolio 
adds, to yield fluoro {fhd difiuoroetearic acids, respectively. These are 
reported as stable compounds, a claim which it would be intoresting to 
ocmfirm. 

Qydopropane combines with hydrogen fluoride to give normal propyl 
fluoride.^* Good control of the experimental conditions is essential 
because, vflien cyclopropane and hydrog«3i fluoride interact too sud¬ 
denly, the resulting normal propyl fluoride decomposes into hydrogen 
fluoride and propylene, and when these two compoimds recombine they 
yield isopropyl fluoride. Therefore, a lack of precautions may lead to a 
mixture of reaction products and to an incorrect interpretation. 

Sobstitutioii Methods. The principle of the substitution methods 
oonsistB in causing a double exchange to take place between an organic 
halide and an inorganio fluoride, or between an organic sulfate and an 
inm'ganic fluoride. Sulfates are very rarely used, and the original syn¬ 
thesis of methyl fluoride from dimethyl sulfate and potassium fluoride 
k now of historical importance only. When the organic halogen to be 
Bufaetituted is chemically very active, the substitution is usually quite 
simple; for instance, an acyl halide b transformed into the corresponding 
acyl fluoride by means of antimony fluoride, hydrogen fluoride,“ or even 
potassium fluoride in hot acetic anhydride.^ Similarly, sulfonyl fluorides 
are conveoiently obtained from sulfonyl chlorides and zinc fluoride.*^ 

Alkyl monohalides are converted to the fluorides by agents such as 
silver, mercurous, or mercuric fluorides. In most laboratories it is more 
convenient to use a fluoride of mercury.®’ **’ *’• “ Organic polyhalides 
with several halogen atoms located on the same carbon atom ore best 
treated with antimony trifluoride, pentavalent antimony fluorochlorides, 
or simila r inorganic fluorides. Antimony trifluoride seldom acts 
dently by itself, but a small quantity of pentavalent salt, acting as 
''fluorine carrier,” permits the exchange of halogen atoms to proceed to 
completion. Antimony fluorochloride is used for very difficult substitu- 

® Kharageh, Kngrfmsn, sad Mayo, J. Org. Chem., S, 298 (1937). 

»I. G. Fsrben Indurtri*. Vr. pat, 799,432 (C.it.. M, 758# (193«)1. 

*< I. O. Farban Induatrie. Fr. pat. 786,112. Ger. pat. 621,977 (C.A.. >6, 2314 (1986)]. 

® Fredenhacao aad CadaidNUdk, Z. gimtik. Cfum., AIM, 201 (1933). 

** Naameyaoov and Kahn, Ber., 97 ,370 (1934). 

V r>aviaa and XMCk. J. Chem. Soe., 483. 2042 (1932). 

f ftnrta, Faff, daut ed. Aeai. toy. Bdg.. {5] 81. 781 (1936); BoO. toe. ehim. Bdg. 
0, M (1937). 

wthfommoA BancA. /. 4f>> Chem. Boo., 88,1060 (1938). 

f flEaatMh aid., 80, 1048 (1088). 

fBmd MidiO«r. Odd., 08,884 (tS»). 
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tioQfi. Hyxlrogen fluoride can act as the source of fluorine for organic 
di- or tri-h^des whose halogen atoms are all linked to a single cttfbon 
atom; examples are the conversion of CeHsCCla to CaHsCFa, CH3CCI3 
to CH3CF3, and CH3CCI2CH3 to CH3CF2CH3. ' 

Limitations of Substitution Methods. Antimony fluoride, which is 
liy far the most widely used agent, acts as follows: in the methane series 
it converts CCI4 to CCI3F and CCI2F2 very readily. Extremely small 
amounts of CCIF3 have been obtained at high temperature and high 
pressure in the laboratory, and also as a minor by-pr^uct in the indus¬ 
trial manufacturing of CCI2F2. Similarly, chloroform is easily trans¬ 
formed into CHCI2F and CHCIF2, but not into fluoroform,** and at¬ 
tempts to use large proportions of antimony fluorochlorides at hi gh tem¬ 
perature cause decomposition and substitution of the hydrogen by chlo¬ 
rine. Methylene chloride is easily transformed into CH2F2, though much 
decomposition occurs.** Methyl chloride is not affected by antimony 
fluoride. It is thus clear that, in the methane series, two fluorine atoms 
and no more are easily introduced by antimony fluoride into polyhalides. 
If this limitation is to be circumvented, it is necessary to call a different 
fluorinating agent into play when the limits of antimony fluoride have 
been reached; for example, fluoroform b efficiently made from CHBrF2,** 
and methyl fluoride from methyl chloride by means of mercuric fluoride. 

In the ethane series, the action of antimony fluoride has limitations of 
position, in addition to the limitations of extent. Hexachloroethane pves 
the following fluorides; CCI3CCI2F; CCI2FCCI2F; CCI2FCCIF2; and 
CCIF2CCIF2; an entirely symmetrical course is thus evident.** The 
presence of hydrogen in the molecule markedly alters the course as 
well as the extent of the halogen exchange. Pentachloroethane gives 
CHCI2CCI2F then CHCI2CCIF2 easily, but the next substitution is very 
difficult to perform and the formula of the resulting trifluoride has 
not been convincingly established.** Acetylene tetrachloride yields 
CHCI2CHCIF, then CHCI2CHF2 relatively easily. The third step was 
originally reported by Swarts ** to be CHCIFCHF2, a compound boiling 
at 17“; although this was certainly correct, under the experimental con¬ 
ditions used,* all efforts at duplication in a laboratory as well as on an 
industrial scale have always yielded CH2CICF3, a compound boiling at 
6®.*f An explanation of this anomaly is offered nddch ccmtists of a parting 

"Henne, Ond.. «», 1400 (1937). 

••Heiine, ibid., 59, 1200 (1937)- 

** Locke, Brode, end Henne, ibid,, 55, 1726 (1934). 

^ TT ftnpft Ladd, Ut 403 (1936). 

•* Swtttts, itf An. Acad. roy. 81, 1-94 (1901). 

* Dr. Sw«rt 0 attributed many of hk ezoeUent reeults to the use of jpliiteito eQuipme&t 
. (Private o(»omunioation.) 

fmd BenoSl, J* Aw- CAeni- Soc., 88 , 887 
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of CHOlaC!HF2 into HCl and CHCl-^CFs, followed by an addition o! 
HF or HQ to give CHsQCQFj and CHjQCFa. It is to be noted 
that the rearrangement oan be avoided by using, as the source of fluo> 
rine, mercuric fluoride, which gives the sequence normally expected, 
CHBraCHFa -» CHBrFCHFa CHFaCHFa.« 

Othffl: ethane derivatives give thefollowing results: "’»-*» CHaQCHQa 

CHaQCHClF and CH3CICHF3; CHgCCls CHaCClaF, CH3CCIF2, 
and CHaCFa; CHgCHCla CH3CHCIF and CHsCHFa; CH3CH2CI 
no reaction. Mercuiy and silver fluorides can overcome the limitations, 
as in the methane derivatives. 

To sum up, the following main trends of the ethane series can be 
listed: (1) the ease of transforming a CCls group into a CClFa group; 
( 2 ) the rarity of forming CF3 groups; ( 3 ) the resistance of CHQa groups, 
particularly when they are adjacent to a group already fluorinated. 

An examination of the propane series®’«.«,«.«, u confirms and enlarges 
these findings. Octachloropropane gives successively CCUFCCbCQa, 
CQaFCClaCCliF, CCIF2CCI2CQ2F, and CaF2CCl2CClF2. This con¬ 
firms the reactivity of the CCI3 group and parallels closely the behavior 
of C2CI8. Asymmetrical heptachloropropane gives CHCI2CCI2CCI2F, 
CHCl2Ca2CaF2, CHCbCClFCOFg, and CHCIFCCIFCCIF2. This 
indicates the sluggishness of the —CC^— group, the difficulty of replac¬ 
ing both halogen atoms by fluorine, and it confirms the resistance of 
CHQ2 to fluorine exchange as already observed in the ethane series. 
Didiloropropane, CH8CCI2CH8, gives CH3CF2CH3, and trichloropro- 
paoe, CH3CH2CCI3, gives CH3CH2CF3 with great ease; these ca^ are 
fflinilar to that of CH3CCI3 which is very easily converted to CH8CF3; 
in each instance, all the halogens are placed on a single carbon atom. 

DeconqM^on of a Qoatemaiy Ammonium Fluoride. This method 
is very limited in ite application, but it allowed Ingold * to prepare benzyl 
fluciri^ with a 00 per cent yield as follows: 

(C»H.CHi)(CH,),NF -♦ C,H*CH,F + (CH»).N 

Introduction of Fluoiine into a Benzmie Ring. Aromatic fluorides 
are best prepared by way of a diasonium compound. An amine can be 
diazotized in hydrofluoric acid solution, and the diazonium fluoride 
decomposed to the corresponding aiyl fluoride, with simultaneous 

• Henne aad RenoO, M, 889 (1936). 

*Beime Utd Hubbard, ibid., U, 404 (1986). 

• Hense aad KenoU. Odd., S9, 2434 (1937). 

f Benne and Ladd, ibid., 60, 2491 (1938). 

f Rimiw, B«noU, rad Ldeeater. iMtL.«, ^ (1939). 

ARmiiw and Rcoon. iMd., 61. 2489 (li^). 

4||baim and HaacU. ibid,, 63, sm (1941). 

W tbmeHA and lacold, J. Chem. Set., 2249 (1928). 
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evolution of nitrogen. The literature, however, is full of contradiotoiy 
indications as to yields and by-products. Nevertheless, good yields 
can be obtained by using an exceedingly large excess of concentrated 
acid, or by carrying out the diazotization with solid sodium nitrite in 
anhydrous hydrogen fluoride. This last procedure offers attractive in¬ 
dustrial advantages. 

Neither method is practicable in most laboratories, and it is more 
convenient to resort to one of the following modifications. The older 
one " consists in forming a coupled product of the diazonium compound 
with a secondary aliphatic amine, usually piperidine. The resulting 
diazopiperidide, ArN :NN{CH 2 ) 5 , is easily decomposed about room tem¬ 
perature by concentrated hydrofluoric acid into piperidine hydrofluoride 
and an aryl fluoride. The latter is obtained in yields of around 60 per 
cent, and the former can be recovered for subsequent operations. The 
yields are very sensitive to impurities. The newer methods ** con¬ 
sist in isolating some insoluble diazonium double fluoride, the most con¬ 
venient of which is a borofluoride. The solution of diazoniiun salt is 
treated with sodium borofluoride, to form an insoluble crystalline boro- 
fluoride, ArNjBF^, which is stable, easily separated, recrystallized, and 
dried. On gentle heating it decomposes at a definite temperature into an 
aryl fluoride, nitrogen, and boron fluoride, which can be recovered. The 
yields, which are frequently excellent, are influenced by the groups 
present on the benzene ring. 

EFFECT ON PHYSICAL PROPERTIES 

In general, fluorine affects physical properties such as density, 
refractive index, or viscosity in the same manner as the other halogens 
do, but the effect is much smaller than that of chlorine. By contrast, 
fluorine has an exceedingly strong influence on the boiling point and on 
the melting point; and the magnitude as well as the direction of its 
effect are entirely out of line with the other halogens. 

Density. The replacement of hydrogen by fluorine increases the 
density by progressively decreasing increments. 

Viscosity. The experimental data have been obtained and critically 
Hiaeuantxi by Swarts," who found only approximate, empiriol rules 
rather than definite additive properties. The viscoaties df some indus¬ 
trially used fluorides have also been reported."* “ 

“ WalUoh, Ann., S»#. 266 (1886); Wnllach and Hensler, An».,KS, 21B (1888). 

** Ball and Schiemann, Ber., 60, 1180 (1B27). 

** Mdga, C- S. pat. 1,916.327 [C.A.. 87. 4539 (1933)1- 

“ 8warts, J. chim. p6v«., 88, 622 (1931). 

*® Banning and Markwood, B^rig, Eng., 87, 243 (1939). 

^ Hnvnrka and Qaiger, J. Am. CAem. Soe., 86, 4760 (1^3). 



982 


OEQANIC CHSMm^lr 


TABLE 1 


DuNBITT DorfSBXMCBS 



d 

Ad 


d 

Ad 

C«Hm. 

0.660 


n,TT|)ntHt. 

1.166 



0.132 


0.091 

CiHyCHPCH*. 

0.792 

0.110 

p-CaHsCtH^F. 

1.247 

0.089 

CiHaCFtCH*. 

0.902 


p.p'-CtS^FQiHiF.. 

1.336 


r.,Hj. 

0.871 


CjHsCHj. 

0.866 



0.151 


0.162 

CJaHsF. 

1.022 


CsHsCHjF. 

1.028 



0.131 


0.108 


1.163 


CaHsCHFs. 

1.136 




C^aHsCF*. 

0.082 


1.188 







Dielectric Constant and Dipole Moment. The first measurements of 
Wateon “• “ and Smyth “ were critically examined, repeated, and en¬ 
larged by Fuoss,* who listed the following values for the dipole moments: 
CP«, 0.0; CFjCl, 0.47; CF2CI2, 0.55; CFCI3, 0.53; CCIF2CCIF2, 0.0; 
CH3CF3,2.27; CH3CCIF2,2.13; CF3CF2CI,0.14; andCFaCHzCl, 1.64. 

Refraction and Dispersion. These properties have been fully investi¬ 
gated by Swarts,** who compared a large number of fluorine derivatives 
with ffimila-r hydrogen compounds. His conclusion was that the refrac¬ 
tive increment of fluorine is not very different from that of hydrogen, and 
that the value 1.0 seems most acceptable. He also found that the atomic 
dispersion of fluorine is exceedingly snoaU, almost zero. Similar results 
are also reported by v. Grosse.® 

Parachor. Measurements made on aromatic substances ® first gave 
an atomic value of 25.0 for the parachor increment of fluorine. Addi¬ 
tional experimental data made it possible to compare the parachor of 
fluorinated substances with the corresponding hydrogenated substances “ 
and to obtain a differraioe of 10.5 in aliphaUc compounds, 9.3 in aromatic 
compounds, and 8.4 in CF 3 groups. If one accepts the constant value erf 

** Wataon, Bao. and Bamaawany. Proc. 'Roy. 8oe. CLondon), A14)l, 668 
Wataon, Kao*, and Ramaawaojr, ibid., AIM, 137 (1938}. 

Smyth and 3. Chan, Pkyt., 1. 190 (1933). 

'» Vwm, 3. Am. Chan. 8o«., 69,1633 (1938). 

P Swaatla, J. Odm. jA/y*., 99, 30 (1933). 

I^Allen and Sosdm, J, Chan. Soe., 760 (1933). 

wjptsmmz, BuS. aoo. dWai. Rdf., 44,349 (1985). 
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16.8 for hydrogen, it follows that the duorine value is 26.3 in alii^iatio 
compounds, 25.1 in aromatic compounds, and 24.2 in CF 3 groups. 

Thermodynamic Properties. The thermodynamic properties of the 
fluorinated refrigerants have been well summarized by Buffing- 
ton •* and by Benning,**’ “ who were interested in engineering 

applications for the refrigeration industry. 

Boiling Point. Table II lists the boiling points of the chlorine and 
fluorine substitution products of methane. 


CCli 76° 
CHCl, 61“ 
CHjClj 40“ 
CH,C1 -24“ 


CCI 3 F 25“ 
CHCljF 9“ 
CHjClF -9“ 
CH 3 F -78” 


TABLE II 
CCI 2 F 2 -29“ 
CHCIF 2 -41“ 
CH 2 F 2 -52“ 


CClFs -81“ CF 4 -128“ 
CHFj -83“ 


In this methane series, the substitution of a chlorine atom by a 
fluorine atom lowers the boiling point by 51“ on an average. A similar 
tabulation, using bromofluoro-derivatives, would indicate an average 
depression of 80®. 

However, if one tabulates the compounds obtained by substituting 
fluorine for hydrogen in methane, one obtains a picture entirely different 
from that of the other halogens. Table III shows that the last two 


TABLE III 



B. P. 

Difference 


B. P. 

Difference 

CHe 

-161“ 


CH,. 

0 

CD 

1 




+137 



+83 

CH»Cl . 

1 

to 

o 


CHjF. 

1 

00 

0 




+64 



+26 


+40“ 


CH 2 F 2 . 

0 

*0 

1 



+21 



-31 

CHOI, 

+61“ 


CHFj. 

-83“ 



+16 



-45 

CXTI| 

+76” 


cr4 . 

-128“ 








*• Buffington and Gilkey, Jnd. Eng. Chtm., 33, 364 (1931). 

“ Gilkey. Gerard, and Bixler, ibid., 33, 364 (1931). 

^ Bit^owsky and Gilkey, ibid,, 38, 386 (1931). 

** Buffinctoa and fleUoher, ibid,, tt, 1290 (1931). 

** Buffington and Gilkey, ibid., 33, 1292 (1931). 

** and McHamess, ■Odd., St, 912 (1939); 33, 497 (1940); M, 098 (1940); S3, 

814(1940). 

** Bmning. MoHamesn, Markwood, and Smith, ibUL, a, «70 (4B4l8). 
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flaorme substitutions actually lower the boiling point whereas other 
halog^is invariably raise it. Ihis raising and lowering of the boiling 
point caused by a substitution of fiuorine for hydrogen is further illus¬ 
trated by eomi»tring the compounds of Table II in a diagonal fariuon, 
as for instance: 

B.P, CCIH, -24“ CCIFH, -9“ CXnFiH -41“ CCIF, -81" 
IXfference +16 —32 —40 

The same general considerations prevail in the ethane series; that is, 
the substitution of a chlorine atom by a fluorine atom invariably causes 
a 42® depression, while the effect obtained by substituting fluorine for 
hydrogen atoms may be either a raising or a lowering of the boiling 
point, as shown in Fig. 1. In this case the second fluorine substitution 

CHiCH, -89“ 

+«J. 


CH,CH,F -38“ 



CH,CF, -47’ CHJFCHF, 



CHJ’CF, -32“ CHFiCHF, 



CHFiCF, -48’ 

-31J, 


CFiCF, -79“ 
Fio. 1 


+ 6 “ 


-23’ 


stiQ causes the bdling point to rise but by different quantities, depending 
on the place of the second fluorine in the molecule; the third and fourth 
mibstitutions raise or lower the boiling point, depending on the place of 
substitutkm; ^ fifth and the oxth lower the boiling point. Higher 
p^hers are subject to the same kind of observations, for which no 
MllMactory explanation has yet been advahced, and the same effect 
ciu| tsie cdwerved in the polar fluorides oi Table XV. 

k 
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TABLE IV 


CHjCHjOH 78 
CHiFCHjiOH 103' 
CHFsCHjOH 96 
CFaCHjOH 78' 


CHsCOsH 117' 
CHiFCOjH 165' 
CHFsCOjH 134' 
CF^CO^H 72' 


The boiling points of homologs differ by about 30®, as shown in 
Table V. 

TABLE V 


CHjFi 

-52° 


CHgCHFa 

-25° 


CjHjCHFj 

-1-6° 

CHjCFjCH, O' 
CHjCFsC 2H6 31' 
CHiCFsCsH; 60' 



CgHuCHFj 

120° 


Freezing Point. Fully halogenated compounds invariably give well- 
defined, soft crystals. In contrast, compounds which contain hydrogen 
in their molecules thicken to a glass at low temperature and crystallize 
with difficulty if at all. However, compounds which accumulate all 
their hydrogen on some carbon atoms, and aU the halogens on other 
carbon atoms, do crystallize easily, and their melting points are sur¬ 
prisingly high. For example, CH 3 CF 2 CCI 3 melts at -f-52°, while 
CCI 3 CF 2 CCI 3 melts at -5®."*' 

The homologous series of Table VI present alternating freezing points 
similar to those of the low paraffins. 


CFsH -163" 
CFjCHj -107° 
CF,CiH 6 -148° 


TABLE VI 

CF 4 -186° 
C,Fa -100° 
CjFg -183° 
C4F10 -84° 


CH 4 -183° 
CiHg -172° 
CjHg -187° 
C 4 H 10 -136° 


Among fully halogenated compounds, the accumulation of the fluo¬ 
rine atoms at the ends of the molecule always causes the melting point 
to be higher than that of isomers with fluorine atoms spread over the 
several carbon atoms of the molecule, or accumulated in its middle. 
This effect is increased when the fluorine atoms become more numerous. 
Empirical rules based on analogies are easily deri'ved, but satisfactory 
reasons have not yet been advanced. 

** McBm, Renne, Hus, uid Ebuora, J, Am. Chtm. Soc.. SS. 33ia CUMO). 
w Henn*, «Bd Haeokl, uiipuUiabed iwnilts. 
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TABLE Vn 
FmixziNa Points 


Difluorides j 

1 Trifluondes | 

1 Tetiafluorides 

(X^laCCljCClF* 

+60“ 

CCUCCUCFs 

+109“ 

CCljFCCljCFs 

+41“ 

CX31sFCCljCCa»P 

+30“ 

ccijFcajcaFt 

-6“ 

CaFsCCljCXllFj 

-42“ 

CCUCFiCCU 

-6“ 

CCI,CC1FCC1F2 

-18“ 

CClaFCClFCaFj 

-68“ 



CC1,FCF*CC1, 

-89° 

CClsFCFaCXlliF 

-96“ 


CHEMICAL PROPERTIES 

Classification. In order satisfactorily to account for the chemical 
behavior of organic fluorides, it is convenient to divide them sharply 
into two classes, monofluorides and polyfluorides. Monofluorides are 
characterized by their instability and their tendency to lose hydrogen 
fluoride, which automatically generates an unsaturated residue and 
therefore gives rise to olefins, polymers, or condensation products. By 
contrast, polyfluorides are exceedingly stable and often physiologically 
inert; chemically, they are indifferent or sluggish and resist oxidation 
particularly well. These properties are so marked that they place the 
polyfluorides in a class by themselves. For instance, the physiological 
inertness of CCI2F2 has been illustrated by keeping animals for weeks in 
an artificial atmosphere of 20 per cent oxygen, 40 per cent nitrogen, and 
40 per cent CXII2F2 without any visible effect. The resistance to oxida¬ 
tion can be illustrated by passing CF3CH3 through fuming nitric acid at 
150 " and recovering the trifluoride quantitatively.** 

It should be emphasized that a polyfluoride is stable only when the 
various fluorine atoms (or at least halogen atoms) are grouped together. 
In this respect CH8CHF2 is a typical pol)diuoride and is stable, while 
CH2FCH2F is better regarded as a double monofluoride and is therefore 
particulaily likely to lose hydrogen fluoride.** In CCIF2CCI2F both 
groups are polyfluorides;, it is possible, however, to establish a gradation 
and show that the inertness of the CX)IF2 group is more pronounced than 
that of the CCI2F group. For instanoe, a treatment with aluminum 
chloride yields CCI3CCIF3 in fmr yields, bkore it produces CCIbCQs.**' " 
Monoflumides. The instability of the monofluorides, which oompli- 
ei^ee their preparation, can, however, be turned to ad^ntage in syn- 

aiid OroMli, xtnnufaiiifaed nwalta. 

ana Ntwwaa, Am. 8oe., M, 1897 (lUffi). 

^ ibU., tl, 998 < 19 « 0 ). 
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thetio reactions. A primary monofiuoride tends to decompose into an 
olefin and hydrogen fluoride, but since the reaction can be reversed and 
the recombination occurs in accordance with the rule of Markownikoff, 
this property leads to isomerization. 

RCH^HzF RCH=CHi + HF RCHFCH, 

Normftl fluoride Isofluoride 

A secondary fluoride loses hydrogen fluoride more readily, and a tertiary 
fluoride even more so, but recombination does not lead to isomerization. 
Cyclohexyl fluoride behaves as a typical secondary fluoride. Fluoro- 
stearic acid, CH 3 (CH 2 ) 6 CHF(CH 2 ) 9 C 02 H, and difluorostearic acid, 
CHa(CH 2 ) 6 CHFCHF(CH 2 ) 8 C 02 H, have, however, been represented as 
stable compoimds. Isomerization by double-bond displacement has also 
been observed; this is brought about by the same mechanism of suc¬ 
cessive additions and eliminations: 


RCHjCHjCHjF -» RCH»CH=CHi RCH 2 CHFCH, ^ 

RCH=CHCHs RCHFCHtCHs 


' When hydrogen fluoride cannot be eliminated from two adjacent 
carbons, it is eliminated by taking one fluorine from one molecule, and 
one hydrogen from another. This leads to condensation; ” for exam¬ 
ple: 

H H H 


F ■—C—i H -I- F !--C— i H -I- F C—: H 

i .. I ■.' 1 . 

C.Hs C,H6 CeHs 


(-€HC,Hs—), -I- HF 


The same elimination may take place between molecules of different 
compounds, and it also leads to condensation. 

C«H, + CjHsF CeHsCjHs -|- HF 
C«H, -t- CHaCOF ^ CeHsCOCH, -|- HF 

The equivalent of a Friedel-Crafts condensation is therefore obtained, in 
the abwnce of aluminum chloride. 

One may carry this a step further by forming a monofluoride as an 
intermediate only. 

CeHa + CHi=CHj -b HF —♦ (CeHe + CHjCHjF) —* + HF 

C«He -f CHjCHjOH -b HF -♦ 

(C(H< •+■ CH»CH*F 4- HjO) —♦ CgHtCaEU 4* BF -F H»0 

rt Banae mad Leioester, Und., 80, 864 (1938). 
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Hus mechanism, though not generally accepted, seems particularly well 
supported by the fact that, in the presence of hs^drogen fluoride, benzene 
and propylene g^ve isopropjdbensene, while benzene and cyclopropane 
give normal propylbenzene. It is essential that the experimental condi¬ 
tions be controlled to prevent isomerization of the intermediate fluoride, 
because, otherwise, this isomerization leads to an incorrect interpreta¬ 
tion of the reaction mechanism. Additional supporting evidence is the 
preparation of benzoylbenzoic acid by interaction of benzoyl chloride and 
antimony fluoride.” In this reaction, all the intermediate products have 
actually been isolated. 

3C,H,COCl + SbF, = 3C«H,COF + SbCl. 

C»H»COr -h C«HtCOCl = C,H6C0C.H4C0C1 + HF 
C»H.COF + C«HtCOCl - C»HsCOC.H 4COF + HCl 
C«HiCOC.H4COX + H,0 = C,HsCOC.H4CO.H -f HX 


Several cyclizations have been described, which were brought about 
by hydrogen fluoride.”’ ”• ”■ ” The hypothesis is here advanced that 
the mechanism of the reactions is not a mere dehydration but consists m 
forming an intermediate acyl fluoride, which reacts with the ring com¬ 
pound in typical Friedel-Crafts fashion. 

Cydization of y-Arylbutyric Acids or ^Aryl-propionic Acids. 



CH, 

hf 

4 'h, 


OH 



-HHiO 



*■ VoioewaaMi, /. Chum, {VM.S.B.), f, 2148 {19W). 

” Caioott, Tinte. and Wehuaayr, J. Am. Chum. Soe., 81, 949 (1939). 

rad SMidibiiv, 81, 1272 (1939). 

P'Fiaaer and ^ohnacKi, A*ct., 81,1647 (1939). 

f* itewr and Caaon, 4Nd.. U, 1740 (1^). Sea idao Wimut and Oatea, iMd., 88 , 2388 



mo 



Itderinolecvlar A.cyUuions. In this case, the formation of 
CH3CHFCH2COF as an intermediate is postulated. 



When a saturated acid is used, it links to the 1- instead of the 3-position, 
and the reaction stops when the open-chain ketone is obtained. 

Directional CycUzation. The cyclization of 7-(2-phenanthryl) bu¬ 
tyric acid, gives a benzanthracene derivative when it is brought about by 
hydrogen fluoride, while it pves a chrysene derivative when it is caused 
by zinc chloride. 



Polyfluorides. The physiological inertness of the polyfluorides has 
been illustrated already by dichlorodifluoromethane, CCl 2 Fa. Before 
being placed on the market as refrigeration agents other chloroflu- 
orides have been thoroughly investigated to establish their lack of toxic¬ 
ity 77 . 7». 7»,». »i. B Methylene fluoride can be administered in large doses 

^ “Teats to Show Toxic Initsnt end Fire Cbaraoteristioa of Cmtaia Well-known Befrig- 
erante.*' Kiaetio Chemicala. Inc., Wilmington. Delaware. 

** Nuokola, Nation^ Board of Fire Underwriters. MisoeL Haaanl No. 3375 (1933) 

"/Wd.. No. 2630 (1936). 

••Ibid., No. 2266 (1931). 

B United States Bureau of Minee R. I. 3013. 

** Brenner, J. Pbarmaeol., 09, 2 (1937). 
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wi&out iH ^eet althou^ it is not so thoroug^bly inert as CC12F2. Fluo* 
rofonn is completdy in^ and has no soporific effect, in complete ccmtrast 
to dilorofonn.** 

Hie chemical inertness of the polyfluorides is illustrated by the com- 
I^te fmlure to hydrolyze any halogen atom in CClaF 2 and by the fact 
that this fluoride can be passed through molten sodium without causing 
the metal to tarnish; ** the inertness of the two fluorine atoms is thus 
diared by the chlorine atoms linked to the same carbon atom. The sta¬ 
bilizing effect of the fluorine extends to halogens linked to a carbon atom 
once removed; for instance, ethyl iodide is easily hydrolyzed, while a 
treatment with water and mercuric oxide, in a sealed tube at 140°, for 
one week, is needed to convert CHF 2 CH 2 I to difluoroethanol.** Another 
illustration is the total indifference of the chlorine atoms in CCI 3 CF 3 to 
any treatment involving silver salts or oxides.*® The resistance to oxida- 
tioo is apparent in a comparison of toluene and trifluorotoluene; chromic 
oxide acts rapidly on toluene to oxidize the side chain and yield benzoic 
acid, and it leaves the aromatic nucleus intact. Conversely, trifluorotol¬ 
uene, CflHaCFa, resists oxidation much better, but long heating with 
chromio oxide breaks the ring, to give trifluoroacetic acid in 60 per cent 
yield.** 

The reedstance to oxidation is apparent even in olefinic derivatives. 
For example, CH 2 =CF 2 can be mixed with oxygen in a glass container 
and exposed to sunlight for weeks. After completion of the experiment 
it can be recovered quantitatively and the glass is not even etched.®* 
By contrast CH 2 =CCl 2 is so unstable that it can hardly be prepared; it 
polymerizes and oxidizes readily. Intermediate properties are exhibited 
by CH2=»»CC1F. Ozone causes a conversion to acyl halides: 

CBr,-CHF CHBrFCOBr 

CBrF=CBrF -% CBr,FCOF “ 

Polyfluoride groups have a marked directing influence. In sharp con¬ 
trast with CHg, a CFa ride chain is a powerful agent to direct substitution 
into the meia porition.*' A single fluorine atom in the ring, however, 
directs a substituent to the ortho and para poritions, and favors para over 
ortho replacemort. 

The diiorin&tion ci CMgCFaCHa is a wril-defined, stepwise reaction, 

P* Midglejr and Ind. Mno. Clmt., n, m (1030). 

P* Swarta, BmU. eUute tei. Aoad. rofi, Beio.. 14] 3, 383 (1001): {4] 4.731 (1003). 

OM., (018. 343 (10210. 

Wi^WwU. tS] a*, m (1898). 

W thmio, ibid., UQ «, 833 ttWOh 
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whose successive steps are CHaCFaCHaCl, CHaCFaCHCla, CH3CF2CCI3, 
CH^ClCFzCCla, CHCI2CF2CCI3, and CCI3CF2CCI3. At no stage is 
there any indication of the presence of the other possible isomer, which is 
in complete contrast with the chlorination of propane, a completely ran¬ 
dom reaction.^ Similarly, the chlorination of CF3CH2CH3 yields 
successively CF3CH2CH2CI -> CF3CH2CHCI2 — > CF3CH2CHCI2 — » 
CF3CH2CCI3, CF3CHCICCI3, and CFaCClzCCla.*! 

Another effect is that of increasing the acid properties of an adjacent 
hydroxyl group. Trifluoroacetic acid is a very strong acid, considerably 
stronger than trichloroacetic acid. Similarly trifluoroethanol and tri- 
fluoroisopropyl alcohol show acid properties similar to those of a phenol, 
and both decompose carbonates and bicarbonates to make a metallic 
alcoholate. Although it is quite acid difluoroethanol acts only sparingly 
on a carbonate.**’ **■ *• 

In general, polyfluoride groups are indifferent to most reagents, and 
about the only compounds capable of withdrawing the fluorine atoms 
from the organic molecule are derivatives of aluminum. This is illus¬ 
trated by the possibility of converting trifluorotoluene to trichlorotoluene 
by means of aluminum chloride.*® More evidence of the stability of 
the CF 3 group appears in particularly drastic reactions. For instance, 
the passage of CCUFa through the electric arc ^ves rise to CCIF3 and 
CsFfl, while CF 4 gives mostly CaFe, together with C 2 F 4 .®®’ Another 
particularly striking reaction is the preparation of C 2 Fe by electroly^ of 
trifluoroacetic acid.** 

In order to satisfy himself that the properties reported for fluoroform 
were correct, Swarts undertook, shortly before his death, and success¬ 
fully completed the following series of reactions. He thereby illustrated 
the stability of the CF3 group.**' **■ ®* 

CF,Cai6 m-CF,C*H 4 N 02 n.-CF,C,H4NH3 

ns + Ft orus 

CF.CO,H CF.COOC.H 4 CF.COCH.gOOC.H. 

+ H1SO4 

NaOCtBi 

CF.COCH.-> HCF, 

Base 

•• Sw«rt«, Bull. we. chim. Bdg., S8, 99 (1929). 

•• Swart., ibid., 43, 471 (1934). 

Ruff and Bretwhneider, Z, anorg. aUgem. Chem., 910, 173 (1033), 

** Thornton, &urg, and Schlaainjior, d. Am. Chem. Soc., M, 3177 (1031^* 

•* Swart., Btdl. tHatae aei. Aoad. rog. Bdg., (5117, 27 (1931). 

** Swnrta, ibid., (5] «, 679 (1926). 

** Swart., ibid., {61 IS, 176 (1927); and private CMamunication. 
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itdbtkm to Atomic Distaoces. No dngle phy^al property can ex¬ 
plain ail tile chemical effects. However, a oonsideratkm of the atomic 
distance in organic fluorides leads to a remarkable parallelism. 

In the methane series, the atomic distances of all the possible chlo¬ 
rides, fluorides, and chlorofluorides have been measured by means of 
electron diffractions, with tiie following resulte.'* 


TABLE VIII 
Atomic Distances 
(In angstrom unite) 



C—F 

C—Cl 


C—F 

C—Cl 

ecu. 


1.76 

CHCU. 


1.77 

OCUF. 

1.40 

1.76 

CHCljF. 

1.41 

1.73 

OCUF*. 

1.35 

1 70 

CHClFj. 

1.36 

1.73 

CClFa’. 

1.35 

1.70 

CHF,. 

1.35 


CP 4 . 

1.36 





CHta* . 


1.77 

CHaCl. 


1.77 


1.40 

1.76 

CHaF. 

1.42 


CHiPj . 

1.36 












In every series it appears that, with the entrance of the second fluorine 
into the molecules, the carbon-to-fluorine distance is appreciably short¬ 
ened and, moreover, the carbon-to-chlorine distance is also decreased. 
This creates a more compact molecule, from which it is considerably 
more difficult to extract or substitute any constituent part. Althou|^ 
this parallelism is not presented as the explanation, it is offered as an 
important element of it. 

PKACnCAL APPLICATIOIfS 

At the time ol writing, only polyhalales have been put to wide com¬ 
mercial applications, of which their use as refri^rating agents is by far 
the most important. Iheir physiolopcal inertness is particularly valu¬ 
able in the air-oonditioning field, whore leakage oi the refrigerant into 
the atmoqrheie m^t cause aooidenta if the compounds were toxb, or 
create {umics in laise audiences if the eompounda had a pungent 
ofor, even if tim amounts accidentally released were too s m all to create 
hazard. Ihe fact that the polyfluoridee wed are dumrioally stable 
^ aie not comlnu^Me imsmaees their safety fa<^, 

I /. jfjw. SI, ISS (tSST), wal tmhm t m . 
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Ano^il^r Ufl6 which is gaming ground is in dyes which bear a poly- 
fluorin^led group somewhere in the molecule, because the presence of 
thp fthorine increases the resistance to oxidation and hence prevents 
lading. The widest present application seems to be the red dye of the 
official German flag.** It bears a CFg group on a naphthyl radical. 

The practical use of monofluorides, either as such or as intermediates, 
is a more recent development, which is just now undergoing semi-scale 
factory investigation. There seem to be two main applications, f)etro' 
leum refining and hydrocarbon s3nithesis. 

In petroleum refining, the scheme is to add a small amount of hydro¬ 
gen fluoride, which causes the highly unsaturated gum-forming hydro¬ 
carbons to polymerize or to condense with more saturated ones.*' 
Monofluorides are presumably the intermediate agents; at any rate, 
the resinous material settles rapidly and can be decanted sooner and 
more easily than in the customary sulfuric acid refining. 

In hydrocarbon synthesis, the scheme consists in causing the equiva- 
' lent of a Friedel-Crafts condensation, either between an aliphatic and an 
aromatic derivative, or between two aliphatic compounds. Details 
of experimental conditions and results are jealously guarded by the 
industry. 

The successful commercialization of fluorides is due to two important 
industrial developments, a continuous method of manufacturing anhy¬ 
drous hydrogen fluoride economically and a continuous method of intro¬ 
ducing fluorine into organic molecules; both are well surrounded by 
patents; the features of the second method are substantially as follows: 

1 . When antimony fluoride is used to introduce fluorine into an 
organic chloride, it is transformed into antimony chloride; antimony 
chloride can be acted upon by hydi-ogen fluoride, to regenerate antimony 
fluoride and give hydrogen chloride as a by-product.®* 

2 . Advantage can easily be taken of the fact that each fluorine sub¬ 
stitution lowers the boiling point by .some 40 ° to 50 °. If the operation 
is carried out in a reaction vessel equipped with a dephlegmator, the 
more volatile fluoride can be allowed to distil off as formed, while the 
chlorides will reflux back into the reaction chamber, further to be sub¬ 
jected to the source of fluorine.®® 

The combination of these two principles is illustrated in the manu¬ 
facture of CCI2F2. A reaction vessel, fitted with a dephlegmator, is sup- 
pUed with a quantity of antimony salt. Hydrogen fluoride and carbon 

*• Solrater, Ano^vi- Chem., M. 457 (1939). 

®®KhMMQh, D. S. p»t. 2,076.681 [C.A., Jl, 4104 (1937)]. 

*• Dmdtand Youker. U. S. pat. 2,006,705 [C.A., S9, 6123 (1935)]. 

Henne. and McNary. XT. S. pat. 2,007,208 IC.A., 19, 5489 (1985)]. 
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tetrachloride are omtinuously fed into it. The reaction generates 
CCUF, ODljFa, and HCl, and, if the dephlegmator is properly adjusted, 
substantifd separation of the CCI 2 F 2 and HCI from the CCI 4 and CCI 3 F 
is accomplished. The HCl is removed from the discharge of the dephleg¬ 
mator by passage through water, and after a relatively simple fractional 
distillation p\ue CCI2F2 is obtained. 

ANALYSIS 

In general, fluorides are difficult to analyze correctly, except in closed 
systems. The reason is that the unstable fluorides may lose hydrofluoric 
acid too easily, while the stable fluorides may escape the field of reaction 
before they are acted upon. 

Gaseous compounds can be analyzed by passage over red-hot sil- 
ica.'**' “ This treatment decomposes the organic compounds to make 
silicon tetrafluoride, which can be absorbed in an alkaline solution, in 
which the fluorine ion can be titrated. Liquids or solids can be decom¬ 
posed with sodium peroxide in a Parr Bomb “ or with calcium oxide in a 
tightly closed steel tube brought to red heat.^’ Other methods are 
generally cumbersome and inaccurate. 
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mTRODTJCnON 

Fonnulas of the molecules of organic compounds which show the 
airangement of their constituent atoms are called structural formulas, 
'nie methods used in the determination of these structural formulas are 
based upon certain well-known prindples. Often in the application of 
these fundamental concepts it is necessary to cany out chemical reactions 
which involve additkm, substitution, and the elimination of simple 
molecules such as nitrogen and water. In such orgaxpc reactions it 
sddom happmis Hiat quantitative yields of the dedred products are 
<4t&ined. Side reactions occur, and in many instanom tiie compounds 
w jnoduced ate the main products of the motion. Two iUustiations 
he given to show to what extent this may take place: (a) the i»?epa> 
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ration of tertiary butyl compounds from isobutyl alcohol and its de¬ 
rivatives; (6) the action of nitrous acid on neopentylamine which pro¬ 
duces none of the corresptonding alcohol but yields dimethylethylcarbi- 
nol. The compounds produced by such “side reactions” are generally 
the result of rearrangements of the molecules or of their fragments during 
the reaction process. Therefore, it is of great importance in all phases 
of organic research to have a knowledge of these rearrangement proc¬ 
esses, to study the various mechanisms which have been proposed to 
account for these changes in order that one may be able to foresee when 
rearrangements are to be expected, and to know with certainty when 
they have taken place. Failure to do this has caused the best of investi¬ 
gators to make unfortunate mistakes. 

In order to outline definitely the scope of this discussion, and for 
purposes of greater clarity in what is to be written later, it is to be under¬ 
stood that in this chapter the term “rearrangement” refers to an irre¬ 
versible reaction which produces a change in the structural arrange¬ 
ment of the molecule with or without the elimination of simple mole¬ 
cules such as water or a hydrogen halide, and which may or may not 
be unimolecular in its nature. Therefore, subjects such as mutarota- 
tion, raoemization, Walden inversion, and tautomerism will be omitted. 
They are essentially reversible processes. 

With this definition in mind it is readily seen that transformations 
of this kind are very common in organic chemistry; in fact, they have 
been observed ever since Wohler published his syntheas of urea by a 
molecular rearrangement of ammonium cyanate. Consequently, it will 
be impossible in the scope of this chapter to enumerate and to discuss 
all classes of compounds which undergo a change in the atomic arrange¬ 
ment of their molecules during various reaction processes. In this par¬ 
ticular study of the subject a different approach is necessary. 

A careful examination of the many hypotheses and theories which 
have been enunciated to explain the mechanisms of various rearrange¬ 
ment processes shows that most of these explanations can be classified 
into two groups: (1) Those older interpretations which assume in one 
form or another the formation of intermediate compounds during the 
reaction. In the^ explanations the intermediate compounds which are 
assumed to be formed vary widely. In some cases they take the form of 
ringff such as (yclopropane and ethylene oxide. In others olefinic com¬ 
pounds are assumed to be the first products of the reaction, and in still 
others investigators have assumed the intermediate formation of biva¬ 
lent carbon compounds, etc. (2) Those more recent points of view which 
would explain all rearrangements on a common basis of free radicals, or 
of ions. Or of an electronic mechanism which does not involve the for- 
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mctioa o£ any intermediate compounds during the rearrangement. It 
is now the purpose to discuss these more modem points of view and 
where possible for the purpose of illustration to apply them to various 
cksses of compouirds whieh have been found to undergo rearrangement. 
Fcht a discussicm of the older interpretations the reader is referred to 
Chapter 8 of the first edition of this treatise. 


THE COHCEPT 07 THE 70RUATI0H 07 TEES EABICALS AND 07 I05S 
AS IRTBSHEDIATES IN MOLECULAR BEABRANOEMENTS 

In 1859 Httig ^ publi^ed the results of a series of experiments which 
he had made in a study of the reducing action of sodium on acetone. 
The compound pinacol was obtained. In the following year he pub¬ 
lished a paper which showed that if this substance be heated with sul¬ 
furic acid a ketone, pinacolone, is produced. 


{CH,)»C—C(CH,), 

I I 

OH OH 


Be»t 


(CH,)rf>-C—CH, 


Numerous examples of this reaction, now known as the pinacol rear¬ 
rangement, have been found since the time of Fittig’s discovery, for 
not only has the mechanism of the process involved in the rearrangement 
been the subject of much discussion, but also it has been recognized 
that in this reaction there is a method for comparing the migrational 
tendency of different groups, and thereby getting data which will throw 
light on the problem of affinity distribution in molecules. It is therefore 
feaable to cite a few typical illustrations to show the extent to which 
this rearrangement has been studied. 


Pinacols of the tjpe Riv^ 


yR» have been prepared in which 
OH OH 


Ri, Rs, Rs, and R 4 are aliphatic or aromatic grou{». Symmetrical 
idnaools of the aromatic series have been obtained by Gbmberg and 
Bachmann ^ by a method which involves the use of a mixture of mag- 
lUtfrium and iodide to reduce the k^ne. Unsymmetrical 

l^ufcols of necesKty have to be prepared by other methods, ^tensive 
jCiitlies have bem made on the rearrangements of these compounds in 
to detemine the nature of the ketonee whidh are formed. Many 

f n HMc, Ann., iM. 3$ iism i tie, «e (tssov 
\ *<jhMSIwiX «kd Bnctoiwmt /. Am^ Chm. B«)» 4$, ^ (WS^. 
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investigators * have tried to formulate rules which can be used to predict 
with some degree of certainty the course of the rearrangement when 
the four groups are different. Most of thrae attempts have failed, for 
the ease with which different groups migrate within the molecule is not 
wholly a property of the group itself, but is dependent to a varying 
extent on the molecule as a whole. In the symmetrical pinacols of the 
aromatic series the differences in “migration aptitude” of the groups 
are more constant. Bachmann and Moser* have made an extenave 
study of the rearrangement products of certain pinacols of this type. 
Their results are of special interest, and a summary taken from their 
paper is listed below. A deduction of the relative “migration aptitude” 
from the values thus obtained has enabled these investigators to pre¬ 
dict with a good degree of accuracy the yields of the ketones which other 
symmetrical aromatic pinacols should ^ve. Thus, they predicted that 
the pinacol 


p-BrCeH 


N 


!6H4Br-p 


P-C 6 H 5 C»H/ 1 1 \C6H4CeH6-p 

OH OH 


upon rearrangement would jneld a mixture of ketones showing 6 per cent 
migration of the p-bromophenyl group and 94 per cent migration of 
the biphenylyl group. In an actual experiment it was found that the 
rearrangement took place with 4,5 per cent migration of the p-bromo- 
phenyl group and 95.5 per cent migration of the biphenylyl group. Such 
results indicate that in the symmetrical pinacols the migration aptitude 
is dependent to a large extent on the particular group, and not on the 
molecule as a whole. Studies by other investigators * have led to a 
similar conclusion, and lists have been made which arrange the groups 
in order of decreasing migration aptitude. One such list * goes as follows: 

p-anisyl > p-tolyl, p-biphenylyl, a-naphthyl > 
p-isopropylphenyl > p-ethylphenyl, p-fluorophenyl > phenyl, 

• j v 1 ... f p-bromophenyl, p-chlorophenyl > 0 - or m-chloro- or 
p-iodophenyl > | bromophenyl, m-tolyl > m-anisyt 

However, it should be noted that as yet no rigid rule can be formulated 
to predict the extent of the migration of the groups yvhen the lanacol is 
un^ 3 muuetrical. Even in the symmetrical pinacols otJier Actors play 

• See Ann. Bepte. Chem. Soc. {London), *7, 114 (1030), for a leview of thift aubjeot and 
for a compilation of references. 

* and Moser, d. Aw. Chow. Soc., 64, 1134 (1032). 

‘ Ann. SejOt. Chew. 3oe. (London), St, 118 (1030). 
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P-CHj—CfBis. 

jM3tHr-Cai4^ 

OH J, 


p-Bl- 

phenylyl 


p-Tolyl 82 

p-CWoro- 
phenyL ? 


an important role in the rearrangement of the groups. For instance, 
Rachmann and Stemberger * have shown that when the biphenylene 
group is present the order and the extent of migration are reversed to 
those in the above table, and when imsymmetrical pinacols are studied 
the results ' show no simple relationships. Therefore, it is evident that 
more data are necessary before all factors which govern the extent of 
these changes are known. 

The pinacol rearrangement also takes place in other classes of glycols. 
Compounds of the type 




yOH yOH yOH 

CcHiOH and R—CH-CH-CeHj 


have been prepared. These molecules undergo rearrangement 
under varying conditions. For example, 2-methylpropanediol-l,2,* 

(CHs)*0—CHjOH, isobutyric aldehyde, (CH 8 ) 2 CH—CHO, when 

heated with wat^' At 180-200° in a sealed tube. When hydrobenzoin,* 

, * Bachmaan mtA Btemberger, /. Am. Chem. Soc., M, 3831 <11^3). 
i * StemfaerBar, AW., 36,170 (1934) 

r * Novole. Bw-.; a. 448 (1878). 
f • Bmuor sad Zinelw, Atm.. IW, 141 (1879). 
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yOH yOB. 

CjHjCH—CHCjH#, is warmed with sulfuric acid, diphenylacetalde- 


byde, (C«Hj) 2 CH—C==0, is obtained in good yield. Compounds of the 

t3T>e -C==0 also give rearrangement products. Danilov 

has shown that, when an alcoholic solution of benzilic aldehyde, 
yOH 

(C^thC —CHO, is warmed with a small amount of sulfuric acid, 

benzoin, CeHsC-C—CeHs, is produced. Semi-pinacols “ undergo 

this type of rearrangement. Thus l-phenyl-2-propylpentanediol-l,2, 
/CaH, 

C*H6CH(0H)C0H, in the presence of cold sulfuric acid gives 
CeHas. 

5-phenyloctanone-4, ^CHC— C 3 H 7 . If, however, hot dilute 

c,h/ 

sulfuric acid is used as the rearranging agent a semi-hydrobenzoin 

yH 

change occurs, and phenyldi-n-propylacetaldehyde, CjHj— C —C=0, is 

CjHt/" 

formed. It should also be pointed out that this pinacol type of re¬ 
arrangement is not necessarily confined to straight-chain compounds. 
In a study of the condensation which takes place between urea, or 
substituted ureas, and benzil Biltz*^ has prepared cyclic compounds 
of the following type and has found that they undergo rearrangement in 


CeHs 

I 

HO-C-N—R 

y>o=^ 


HO- 


-C-N—R 


CeHs 


the prraence of sodium hydroxide. For example, 4,5-dijdienylglyoxa- 
lone glycol gives diphenylhydantoin: 

« Danilov, Ber., 60, 2390 (1927). 

** Tiffwieau nod Levy, Bull. soc. ehim., [4] 83, 735 G'B23). 

« Bate. Btr., 61. 1386 (1908). 
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CtHi 

1 

HO-C-^NH 

^)o-o 

HO-C-NH 

I 

C,H» 

4, S'Diphenylclyoxalone Olsrool 


(C^5),C-NH 

0—C5-NH 

% 

Diphenylkyduntoin 


Many other examples “ of this type of rearrangement in cylic com¬ 
pounds are known, but the underlying principles involved are essentially 
the same. 

These few typical illustrations of the pinacol rearrangement have 
been given not only to show how very common conversions of this kind 
are in organic chemistry, and to what extent they have been studied, 
but also to show how important it is that chemists have an understand¬ 
ing of the mechanism of the processes by means of whieh such rearrange¬ 
ments take place. Many reactions which at first sight seem to be very 
different are foimd in reality to be very similar in their nature and can 
be grouped together and explained on the basis of a common mechanism. 

• A survey of the literature shows that in the hypotheses which were 
first put forward to explain rearrangements of this type attempts were 
made to avoid the assumption that atoms and groups within a molecule 
can undergo a direct interchange. Investigators in this field preferred 
to aasiune that such reactions involve the formation of relatively stable 
intermediate compounds. As stated in the introduction these com¬ 
pounds take the form of cyclic rings. For this particular rearrangement, 
cyclobutane and ethylene oxide intermediates were assumed. For other 
types of rearrangements cydopropane derivatives and olefins were 
postulated. As further studies were made, however, on compounds 
wihich imd«go these irreverdble reactions involving a change in the 
structural arrangement of the molecule, facts were found in abundance 
which clearly showed the fallacy of this basic idea and the dangers in¬ 
volved in making such efforts. As a consequence of the limited applica¬ 
bility of such concepts there has emerged the fact that “step by step” 
mechanisms of these types cannot be used to formulate changes which 
so often take place arithin the molecule itsdtf and which are intramolec- 
r^r in their nature. Iheaefore, it is liot surprising to find that investi- 
ffptois have adcf^>ed a different view and that as a result hypotheses of 
agdOdlerent type have hem formulated. 

I 

I SN. 211 <1218). Sw tiao, Poitw. ‘‘MoJecular BoMr an aameatt,” 

<3a*«lo8 CSo., York (1228), 

s 
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The theoretical and experimental investigations of Nef “ contributed 
greatly to this change in ideas. It is now recognized that the chemistry 
of bivalent and trivalent carbon plays an important role in many fun¬ 
damental reactions of organic chemistry. Applications of these con¬ 
cepts have been made to the reaction mechanisms involved in molecular 
rearrangements, and today it is found that many theories have been 
advanced which in one form or another assume dissociation of a mole¬ 
cule into fragments. 

Nef was the first to explain rearrangements on this basis. Cyclopro¬ 
pane may serve as an example. It is to be recalled that when this com¬ 
pound is heated in contact with certain catalytic agents propylene is 
formed. A dissociation into active molecules containing free valences 
is first assumed to take place. In this active state migration of a hydro¬ 
gen atom occurs, and propylene is produced. Nef formulated the various 
steps as follows: 


CH* 

cC^CH, -CH,-CH. 


dia«ociation 

Rearrangement 


-CH* 


Further 

- y 

diBeoriatinn 


> CHr-CH—CH,-> CH,—CH==CH, 


—CHir-CH—CHr- 

I 

H 

He advanced a similar mechanism to explain the rearrangement of 
propylene oxide into acetone and propionaldehyde. 


CH, 


O— 

1 

-CH—CH, 


/N 

CH,—CH—CH, 


CHr-C—CH, 


O— 

1 

CHs—C—CHj— 

I 

H 

♦=? CH,C—CH, 


CH,—CH—CH,—0 —* CH,—CH—CH—0 

I H ' “ 

CHr—CHr-CH—0 ^ CH,—CHr-C=-0 


**ror oompilation of referenow consult Henrioh, “XlMoriae <rf Oi^uilo damSstor,’' 
tta&datkm by Johnson and Hahn, John Wiley A Sons. New Yorit aSaSft. CStnpter XIV 
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^ce no detectable amount of vinyl'methyl ether is formed in the re¬ 
arrangement it was concluded that a disaodaticnx involving a cleavage 
o£ the oarbon-oarbon bond did not take place. 

Nef also assumed predissociation in his mechanism for the benailic 
add rearrangement.** Although his particular formulation has had to 
be abandoned because of facts subsequently discovered, Schroeter ** has 
proposed the following modification: 



(CJI.),C=CO 


According to this formulation diphenyljcetene is the intermediate prod¬ 
uct during the reaction. 

Schroeter and Wachendorf ** found evidence for this mechanism in 
the fact that they succeeded in preparing diphenylketene from azibenzil 
in good yield. 



Warmed 

-> 

Switly 


C—C.Hj 



^ -F N, (C.H»),C=C==0 -I- N, 
G—CeH, 


It is of interest to note that this concept has been used to explain 
other types of molecular rearrangements. Instances are known in the 
indole derivatives, and in the pyrazoles where a methyl group transfers 
ite position from a carbon atom to another carbon atom during reduction 
processes. Brunner *' has reported that l-phenyl-3,3-dimethyloxindole 
yields l-phenyl- 23 -<iiniethylindole when reduction is carried out under 
suitable conditions. 



; Again, Khorr “ has shown that l-ph6nyl-3,4,4-tT!methylpyrajK>lone 

'i "Nef, Ann.. tW, 8TO <18»7); •». 272 (1904). 
t "iSdiroeter and WulMadorf, £er., 4S. 2336, 2339, 3301 (1909). 

I » BtWner, JtfiwanA**!, m (1900). 
i mtomr. Ber., M, 1272 (1903). 

\ V 
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on reduction with sodium and alcohol yields l-phenyl-3,4,4-trimethyl-&" 
oxyp 3 rrazolone, which when treated with mineral acids produces l-phen- 
yl-3,^,6-trimethylpyrazole. 


(CH,)»C-CCH, 

1 II 

0==C N 


\ / 


NCeHa 




(CH.laC-CCHa 



NCaHa 


CH,C-CCH, 

II II + H,0 

CH,C N 

\ / 

NCeHa 


CRher reactions are known and are discussed by him, and for them all 
Knorr has proposed the following mechanism. 


R—C=0 



H, 


R—C—OH 



R—c/ 

I \ + H ,0 

I yCH, 

R.—C< 

Nhh, 


R—C—CH, 
R.—^CH, 


+ H.0 


In this connection the rearrangement of triarylmethyl peroxides is 
of interest. Wieland ’* has formulated the process in the following 


manner; 

(C.H.),C-O-0—C(C»H.)i 


Heat 8 
luiRutee m 

-► 

boilmg 

xylene 


2 (C,H,),C—O— 


2 (C.H,)r-C-OCja. 

i I 

(C,Hi)r-C—OCaH, 
(C.H,)2-<!>-0C,H, 


It remained for Tiffeneau and his colleagues “ to apply this concept 
to the pinacol and allied rearrangements. After extensive experimental 
studies these investigators came to the conclusion that a mechanism 
based on dissociation into active molecules with free valences best ex¬ 
plained this type of change and that loss of water preceded the rear¬ 
rangement. According to them the pinacol rearrangement is to be 
formulated as follows: 

R. /R 

—> HjO + yC —C\ —» R—C-—C—R -|- HjO 

r/| l^R 

O— “ 


R. 


yc-c<( 
r/| n 

OH OH 


It is Tiffeneau’s belief that in all rearrangements which involve the 
e limination of simple molecules such as water and nitrogen, and are 
truly intramolecular in their nature, a dissociation into "intermediate 

« Wielwid, Bet.. 44, 2260 (1911). 

« Tiffenaim, Rev. gtn. eci., 18 , 683 (1907) ; BuU. we. «Mm., {* 11 , 1281 ( 1907 ) ; Compt 
rend., 148, 684 (1906). 
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eystms wlikth poaaeas free Tal^ces” first takes place, instead of inta> 
mediate oompoands with saturated valences which are mote or less 
structurally stable. Thus the rearrangement of idienylhydroxypivalic 
ackl ester which invdves a migration of the carbaUcoxyl group is for¬ 
mulated as follows: 

CWffiCH(OH)0(CH,),OOOR — C.H.i5— + H,0 — CeHr-C—COOR + H,0 

<!3(CH,).C00R iliCCH,), 


The transformation of glycols such as hydrobenzoin is represented in 
tlie following manner: 


CJI,CH(OH)CH(OH)CJI, 


C,H 


i 

.in—i—c, 

i 


JI. + H,0 


(CJI.)>CH—C=0 


The mechanism for the benzilic acid rearrangement becomes; 



Tiffeneau also assumes the intermediate formation of active molecules 
with free valences in the rearrangement of methylaniline into p-toluidine; 
of N-alkyl- and N-acylpyrroles into C-alkyl- and C-acylpyrroles; of 
pbenylhydroxylamine into p-aminophenol; of hydrazobenzene into ben¬ 
zidine, etc. He has also applied his mechanism to rearrangements in 
the camjdior derivatives. 

Essentially the same conclusions have been reached by Montagne ** 
mid by Meerwein in their experimental studies of the pinacol rear- 
rangmnent. They have also shown that cyclic compounds are not found 
as intermediates. Meerwein and his co-workers believe with Tiffeneau 
that in these rearrangements the change is caused by a direct loss of 
water from the pinacol, and subsequent migration of a radical. As they 
Imve pointed out, it makes no differmoe in the symmetrical glycols which 
%droxyl group is eliminated; but with unsymmetrical glycols different 
products can be formed depending on the hydroxyl group which is re¬ 
moved. Obviously, in general, the less firmly attached group will be 
c^inly efiminated, and from t^e nature of the ketone whidi is formed 
^ relative bond strength of the hydroxyl groups can be detenuimed 

I u, mi awri: Btr^ m. (tns). 

I W ticMwWii, ^mw .,^'121 ( 1919 ), 
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Using this approach to the problem Meerwein obtained data on tiie 
affinity of groups in these pinacols. The phenyl group greatly increa^ 
the reactivity of the adjoining hydroxyl group. In the aliphatic series 
he finds that the “valence requirements” of the normal alkyl groups 
diminish with increasing number of carbon atoms, but that this is not 
continuous; the alkyl groups with an odd number of carbon atoms have 
greater aflSnity than those with an even number of carbon atoms. Using 
light and heavy lines for the bonds he has formulated the reaction as 
follows: 

C«H». yOHyOH C,Hs y yO— 

/C C—R —> yC—C—R + HjO 

C,H/ C.H 6 / 

^0 

—► (CkHj)2C—C—R + H 2 O 

1 

/OH/OH ^ ^ 

C-C—CH*—CH, -♦ \c—C—CjHs + H*0 

\:Ht—CH, OH, \c,H5 

CH^^ ^0 
->■ CHr-U—C—C,H, + H,0 
C,H,/' 



This concept of the intermediate formation of molecules with free 
valences has been advanced to explain the mechanism of the Curtius, 
Hofmann, and Lessen rearrangements. Tiemann ** first suggested that 
an unstable univalent nitrogen derivative is formed as an intermediate 
in the conversion of benzhydroxamic acid, CeHsCONHOH, into aniline 
and carbon dioxide. In a series of extensive investigations on halogen 
amides, RCONHBr, acyl azides, RCON 3 , and hydroxamic adds, 
RCONH(OH), Stieglitz and his students developed this suggestion 
and TTinde it evident that the Curtius, Hofmann, and Lossen rearrange¬ 
ments are fundamentally alike. Stieglitz proposed that the inechanism 
be formulated as follows: 


R—O—N< 


R—C^n/ + XY 




R—N=CO + XY 


The isocyanate which is formed then reacts with water to produce 
U Tiamaim. fi«r., 14. 4163 (1891). 

** For » of referanoea see Porter, "MolaoulaT BMamagemmU," CSieimoal 

Cattlog Co., New York (1928), p. IB. 
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aminee, aod with alcohol or phmol to give urethaoes. The action of 
amines on the isocyanates s^ielcls the substituted ureas. Focusii^ their 
attention on the effect of the groups X and Y these investigators also 
demonstrated that transformations of this kind take place in other 
nitrogen compounds, and that one can expect rearrangements when 
X and Y are of such a nature that they can be removed as simple mole¬ 
cules such as water, nitrogen, halogens, and hydrogen halides. A few 
examples will serve to illustrate this point. 

Triphenylmethylhydroxylamine and its related compounds have 
been found to undergo rearrangement. Stieglitz and his students have 
shown that the hydroxylamine, haloamine, dichloroamine, and azide 
rearrange to give the same product—^the phenylimide of benzophenone.*® 
TTieir formulation follows: 

Hrrn 

y jTT> 

(C,H*),C—N< (C*H5),C—N< -f- 

\OH(Br)(Cl)(N,) \ 


—> (C(Hi)aC=N—CeH{ 


It is also known that an alkyl group may be substituted for a phenyl 
group. MethyldiphenylmethyldichIoroamine,=* (C»H»)sC(CHj) 

jddds the phenylimide of acetophenone. 

This last reaction is of interest in that it shows tl\e migrational apti¬ 
tude of a methyl group as compaied to a phenyl group. Other studies of 
this nature have been made on these compounds. Morgan has ob¬ 
served that substitution of a halogen in the benzene nucleus of triphenyl¬ 
methylhydroxylamine has little effect on the migrational aptitude. 
Three products in relatively equal amounts are formed when p-bromo- 
phenyl-p-chJorophenyl-phenylmethylchloroamine undergoes rearrange- 
meait. 

Schroeter'* has used this mechanism to explain the formation of 
tetrazoles from diazides. 




■'** BUeglit* mi VortHirdi. It, 2iei (WIS); Vosbuirfi, Am. Chem. 8oe., 88.3081 
Stic^te and Imeh. Ber.. «, 3147 (1918); /. Am. Soe., U, 272 (1914); 

OM.. 88, ms (191#. 

P* Thesiii, tlidvanity of C^oago (1937) (C. A., ■ 

Pf'SCoftfeaa. J. Am. Cktm. Boc., W, 2095 (1910). 
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Ourtius ** has shown that benzylazide jdelds methylene aniline on 
returangement. Benzylidenemude is obtained as a by-product. On 
the basis of the mechanism of Stieglitz the reaction is to be formulated 
as follows: 

C*H»CH^n/ II C,HsCH,N<' + N* C,H,N=CH* + N* 

\ phenyl group 

Migration of a 

hydrogen atom CflIl6CII=N]EI -|- Ni 

Stieghtz ^ used this concept to explain the Beckmann rearrangement 
of oximes into amides. This reaction takes place when an oxime is 
treated with such reagents as phosphorus pentachloride, phosphorus 
oxychloride, or acetyl chloride. Hantzsch had previously proposed 
that a chlorimidoketone was formed as an intermediate compound in 
this rearrangement. 

^\c=NOH --> ^\c=NCl ^\>=N—R ^ 

Acetyl chlonae, etc. Ci 

o 

/ /H 

>0=NR ?i± R—C—N< 

HQ/ \R 


Stieglitz and Peterson examined this mechanism by preparing several 
chlorimidoketones and studying their chemical properties. They found 
that these compounds did not rearrange under the conditions which 
bring about the conversion of oximes into amides, and from their results 
they were compelled to conclude that they were not formed as inter¬ 
mediates during the rearrangement process. A mechanism was then 
proposed which assumed the intermediate formation of a univalent 
nitrogen compound, thereby placing this rearrangement on a common 
basis with those changes of the Curtius, Hofmann, and Lessen types. 
According to them the first step in the process involves an addition of 
hydrogen chloride to the oxime. Loss of a molecule of water produces 
the univalent nitrogen derivative. They formulated their mechanism 
in the following manner: 

Cl Cl 



NOH + HCl 


R\ / /H 

R>-<H 


HsO + 


Cl 


/ 

r_0=NR 



OH 

/ 

R—0=N—R 


** Ourtius And Dwiipaky. J . pfokt, [2163, 428 (1901}: Rat36, 8229 (1902). 

** Hantuoh, Ber., 36. 3679 (1902). 

“ Stiejflit* and Peterson, Ber., 43, 782 (1910); Peterson, Am. CA*m. 46, 325 (1911) 
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fWa the lUustraticms which have been given it can be seen that this 
eonoept of the intermediate formation of active molecules with free val¬ 
ences has found widespread use. However, the application of this view 
to experimental facte which have been obtained since the idea was pro¬ 
posed reveals the fact that frequently its employment is open to criticism. 
For example, Nicolet and Pelc “ have criticized Schroeter’s interpretation 
of the benzilic acid rearrangement which postulates the intermediate 
formation of a bivalent carbon comp>ound, and of diphenylketene. 
They state that this theory involves the assumptioh that in the presence 
of hydroxylic solvents diphenylketene will add the potassium salt of 
hydrogen peroxide to give benzilic add more rapidly than it adds water 
or alcohol. From their experimental results they are forced to conclude 
that this is not the fact. However, they are careful to point out that 
their work does not show the impossibility of active molecules with free 
valaioes. It is only with Schroeter’s application of the concept that 
they are in disagreement. 

The concept does not take into account certain factors which have 
a pronounced effect on the tendency of molecules to undergo rearrange¬ 
ment. In their studies of the Curtius, Hofmann, and Lessen rearrange¬ 
ments, Jones and students *’“ have shown that the ease of such transfor¬ 
mations does not depend solely on the nature of the groups X and Y. 
Jones and Hurd made a comparative study of the rearrangement of 
monophenyl-, diphenyl-, and triphenylacethydroxamic acids and their 
derivatives. They found that the ease of rearrangement was greatest 
with the derivatives of triphenylacethydroxamic acid. The derivatives 
of monophenylacetbydroxamic acid showed the least tendency to give 
rearrangement products. On the basis of their results they suggested 
an interpretation of these reactions based upon the electronic conception 
of the chemical bond, and they put forward the generalization that “the 
ease of rearrangement is dependent upon the tendency of the radical R 
in the univalent nitrogen derivatives to exist as a free radical” Their 
formulation which excluded the oximes is as follows: 


R R 

:o;C;i)i;X X:Y+ :o:C:N; :0 :c:N:R + X;Y 




Evidfil^ in support of this hypothesis has beai submitted by Jones 
mi Ro(^7'* Tb^ investigators studied hydroxamic acids which are 

and Pde, /. Am. Chgm. Soe., 4S, 93S (1931). 

(^) Jones amt Noufler, Aid., H, W <1917); Jones and Wwmer, Aid., M, 413 (1917); 
•ml Wallis, Aid., 49, 'l«9 (1936); Jcnwa mad Boot, Aid., 48, ISl (192«); Jones and 
k Aid., 49, 3328 <1927); DiniclMri<r kuI Jones, Aid,48^ 13S8 (1924). (3) Joiwe and 
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isomeric with triphenylacethydroxamic acid, o- and p-Benzhydiyl- 
benshydroxamic adds were prepared. In both these compounds they 
foimd that rearrangement of their derivatives does not occur at tem¬ 
peratures at which the isomeric triphenyhnethyl compoimd rearranges. 
Thus, the ease of rearrangement depends upon the electronegativity 
of the groups fastened to the central carbon atom of the radical. 

Hurd “ has prepared certain derivatives of N,N-diphenyl-N'- 

hydroxjrurea, (C«Ht)»N—C—NHOH, and has foimd that they give re¬ 
arrangement products, but that the change does not occur in the corre¬ 
sponding N-monophenyl derivatives. 

The mechanism by means of which the R group originally attached 
to the carbon atom, migrates to the nitrogen atom has been the subject 
of much discussion. Its electronic nature has been given different inter¬ 
pretations. It is generally accepted that in these rearrangements a shift 
of an electron pair takes place from the carbon atom to the nitrogen 
atom. Jones “ considered the group to be of the nature of a positive 
radical. In this interpretation the electron pair and the group held by 
it do not migrate together. Jones and Hurd®** assumed that during 
the rearrangement the radical exists momentarily as a free radical. 
Stieglitz “ has postulated that the group is essentially a negative radical, 
and that during such rearrangements the electron pair with its group 
shifts from the carbon atom to the nitrogen atom. 

In an attempt fo gain further insight into the mechanism of such 
rearrangement processes Jones and Wallis ““ studied the nature of 
the products formed when the radical, R, contains an asymmetric 
carbon atom. They found that d-benzylmethylacetazide rearrange 
readily to produce an optically active isocyanate which on hydrolysis 
gives an optically active amine hydrochloride. 


0 

C.HsCH*\ / /N 
id) )>CH-C-N<|| 

ch/ 


H 

N, + id) >C—NCO ^ 

ch/ 

H " 

C,HsCH*v 1 

id) I >CH—NH, 

ch/ 


HCl 

+ 

ci- 


Similar rearrangements have been carried out on the corresponding 
optically active amide, and hydroxamic acid. From these experiments 
the fact has emerged that not only are the products optically active in 

“Htsttd, J. A«i. Chem. Boe., U, 1473 (1923). 

•* Jones, Am. Chem. J., 60, 441 (1918). 

** Stietfits and Leech, J. Am. Chem. Soc., 38, 380 (1914); and Stagner, ibid, 

88, 3047 (1916). Staeglits and oo-vorkers, Proe. Nad. Aead. Set U. S, 1, 207 (1916). 
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all three cas^, but the value of the rotatory powa: of the amine hydro¬ 
chloride formed in the rearrangements is the same. This strongly indi¬ 
cates that during the reaction partial racemization does not take place. 
The conditioiffi used in the three experiments are very different, and it 
is hi^y improbable that the same degree of racemization would occur. 
Any interpretations of the electronic nature of the radical during the 
reaction process must explain this fact. 

In the discussion of their experiments, Jones and Wallis **“ suggested 
two possible interpretations, (a) The group migrates as a positive 
radical, and is of the nature of a carbonium ion. This is essentially an 
ionic hypothesis and the interpretation is suggested by the fact that 
there are many reactions in which substitution on an asyimnetric carbon 
atom does not lead to racemization. It implies that a positive charge 
may play the part of a fourth group in maintaining asymmetry, an idea 
first enunciated by Biilmann “ to explain the action of the silver ion on 
d-os-bromopropionic acid, and more recently used by McKenzie and 
co-workers*’ to explain the experimental results obtained by them in 
their study of the rearrangements of certain amino alcohols. It will be 
shown subsequently that there are serious objections to this idea, (b) 
The rearranging group does not exist either as a positive, negative, or 
neutral free radical but “in some way before the group actually parts 
company with its carbon neighbor, the univalent nitrogen atom has 
begun already to exercise its influence on the radical in such a manner 
that when cleavage actually does take place a change in the configura¬ 
tion of the groups about the asjnmmetric carbon atom is prevented.” 
They imagined this influence to be of the nature of a partial valence 
and pictured the univalent nitrogen derivative in the following manner: 



This intopretation implies that in molecular rearrangements which are 
intramolecular in nature the rearranging group is at no time actually 
free and mmitacbed- Ffmu this viewpoint, the work of Wkland on the 
noeurrence of frt^ radicals in chemical reactions is of interest. Other 
recorded m the chemical literature substantiate this view, 
is well known that tripbenylmethyl is an excellent reagent for the 

PptoMm. Attn., 99 $, 830 (1912). 

Roen-, ttWl WQb, A Cftm*. Aw.. 779 <192S). 
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d€tectioii of free radicals. For example, Wielatid ’* has used it in his 
experiments on tetraphenylhydrazine. Schlenk has shown that when 
diazomethane is allowed to decompMJse under suitable conditions in the 
presence of triphenylmethyl the formation of ethylene is prevented. 


N 

/ 

CH, 

\ 

N 


+ 2(C,H6),C— 


(C,H6)8C—CHs—C(C#H6), 4- N, 


With these facts in mind Wallis studied the nature of the products 
formed in certain molecular rearrangements when the reactions were 
carried out in the presence of free radicals. In the absence of this highly 
unsaturated compound, benzyhnethylacetazide rearranges quantita¬ 
tively to give benzylmethylmethyl isocyanate.**'* If this same reaction 
is allowed to take place in the presence of triphenylmethyl it can be 
readily seen that if the rearranging group in its migration from the car¬ 
bon atom to the nitrogen atom exists as a free radical the formation of 
two isocyanates is possible. It would be expected also that, if a uni¬ 
valent nitrogen compound were formed as an intermediate, an addition 
compound with triphenylmethyl would result. But this is not the fact. 
When a benzene solution of benzyhnethylacetazide is allowed to rear¬ 
range in the absence of oxygen in a benzene solution of triphenylmethyl 
only one isocyanate is produced. No additional compounds with uni¬ 
valent nitrogen derivatives are formed in detectable amounts. A quan¬ 
titative determination of the amount of oxygen absorbed by the free 
radical remaining after the rearrangement also shows that none of it 
takes part in the rearrangement. 

Further evidence in support of this \'iew has been obtained by Wallis 
and Moyer,“ who studied the Hofmann rearrangement of d-S, 5-dinitro- 



6-a-naphthylbenzamide. The conversion was brought about in the 
usual manner by the action of sodium hypobromite. The amine so 
obtained was found to be optically active. 

It is to be noted that in this molecule optical activity is due to molec¬ 
ular asymmetry conditioned by the restriction of free lotatioii about the 

*• WMsnd, “Die Hydraiine,” Enke, Stuttgart, IBIS. 

»• “Das Triphenylmethyl,’’ Enke, Stut^Mt, 1914 ClawMtigator Sohlwk). 

“ WaUie, J. Am. Cfum. Soc., SI, 2982 (1929). 

» WaUk and Moyer, ibid., U, 2698 (1933). 
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axial bond. The rearrangement takes place with no chai^ in sign of 
the rotatory power, and in such a manner as to produce no detectable 
raoemization. The results show that migration of the rearranging group 
is not possible in any free form, either as a positive, negative, or neutral 
radical, for, if it were at any time free, rotation about the biphenyl 
linkage would be possible, and an inactive or at least a partially race- 
mized product would have been obtained. 

These experiments make it evident that in these types of molecular 
rearrangements intramolecular processes are being dealt with. The 
conc^t of the intermediate formation of free radicals or ions does not 
explain all the facts because such changes often involve a transference 
of electrons within the molecule itself. For this reason it would seem 
that such rearrangements should be best explained on the basis of an 
electronic mechanism. But before this latter theory is considered it is 
important that mention be made of certain other criticisms which have 
been leveled against a universal use of the concept now under discussion. 

Montague " has criticized Stieglitz’s application of this inter¬ 

pretation to the Beckmann rearrangement of oximes. He points out 
that the addition of hydrogen halides to the oxime as asstuned by Stieg- 
litz breaks the double bond and thereby destroys geometrical isomerism 
since there is no loi^r restricted rotation between the carbon atom and 
the nitrogen atom. Under these conditions the same intermediate 
ccan pound would be produced from the two geometrical isomers, and 
identical rearrangement products would be expected to be obtained. 
This is known to be contrary to fact. 

Stieglitz has revised his formulation of the mechanism of this change 
to meet this criticism. It has been shown by Schroeter “ and by Hen- 
rich ** that the hydrogen halide addition products of oximes are salts, 
and that only those oximes which form salts undergo the Beckmann 
rearrangement. In his revised formulation Stieglitz writes these oxime 
salts as substituted ammonium salts. Loss of water and rearrangement 
take place within the substituted ammonium ion. In terms of the elec¬ 
tronic conception of the chemical bond his ideas may be formulated in 
the follow;^ manner; 



+ 

• * *^090 

R 

*• • • 


:Ca-:- 

R:C::N 


•• 




- 


:a-: -♦ C:;N:R C:;N-R 

•• »• •» 

:Cl: ! 0 : 

• ■ •• 

H 


It iffia also been necessary to modify the ccmcept of the intermediate 


^ « Montagiie, Ber., U, 3014 <1910). 
i, 4»S«*roet(M. M. 130S (1311). 
I, Ber^ H. 1633 (191V. 
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fonnation of an univalent nitrogen derivative in order to explain the 
rearrangement of N-triphenylmethyl-N-methylhydroxylamine: ** 

^CHa ^OH 

(C6H6)3C—N—OH -» (C«H6)2C—N(CHa)(C6H6) 

Here, it is not possible to form an intermediate univalent nitrogen com¬ 
pound in the sense in which it was originally used to explain these re¬ 
arrangements. Stieglitz also assumes salt formation in this reaction. 
His ideas may be formulated as follows: 


r C«H* H ] 


r C.Hs 1 

• • •• 

•• -HiO 

• • 

CaHa :C :N: OH 

:C1-: —^ 

CaHa :C :N: 

L CsHa CH, J 


CfiHs CHs- 


CaHs 

CeH# :C :N: CeHa 
iClrCHa 


C.Ht 

+H.O •* *• 

-> CaHa :C :N: CaHa 

OH ‘ CHa 


These views have been criticized by Lachman." He has shown 
that a small amount of the oxime salt of benzophenone is able to bring 
about the conversion of large amounts of the oxime into benzanilide. 
He has also observed that the rearrangement can be carried out in the 
presence of water. He concludes from his experiments that the re¬ 
arrangement process consists in a direct conversion of the oxime salt 
into the anilide and free acid. 

r H 1 + 

L(C«H6)2C=N0HJ X- CaHaC—NHCaHa + HX 

According to him, “dehydration of the oxime salt is an unnecessary 
preliminary step. Dehydrating agents merely help to furnish an an¬ 
hydrous medium which is a prerequisite to the formation of oxime 
salts.” 

T.tu»Vimnn « has also criticized the fundamental idea of this concept 
of the intermediate formation of molecules with free valences in its 
application to other classes of molecular rearrangements. He is opposed 
to the interpretations of Tiffeneau and others, who picture rearrange¬ 
ments of the pinacol type as first involving a loss of watCT. He believes 
that the elimination of water is the last step in the reaction process, 
and that first there is a simultaneous exchange of an hydroxyl group and 

** Ladunan, J, Awt. Chetn^ 5oc., 4S, 1477 (1924); 4T, 200 (1926). 

T.oi'hm-n and., 44, 330 (1922) :4a,1609(1923). Sm, also, KoUer aad Baltaly, 

84, 4019 (1932). 
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a radical. His mechanism involves the assumption of a mobile hydroxyl 
ptmp, m idea first proposed by Lieben." 


yORyOR yOR .0 

C-C—R -» R—C—C^H R-^—c—R + HjO 

b/ \r r/ \r r/ 


of 


The same interpretation is used by him to explain the mechanism 
the benzilic acid rearrangement. 


C«H»C=0 

1 +H,0 

60=0 


C.H6( 


yOR 
CeHsC—OH 

/•i./ 

C,HsO=0 


^OH 

(C,H»)jC—COOH 


The conversion of benzoin into diphenylacetic acid, and of dihydroxy- 
tartaric acid into hydroxymalonic acid, is pictured in a similar manner. 
As evidence for the necessity of the assumption of a mobile hydroxyl 
group Lachman cites the fact that the addition compound formed when 
one molecule of benzil is treated with one molecule of sodium ethylate 
does not rearrange in the absence of water, but decomposes in alcoholic 
solution into benzaldehyde and ethyl benzoate. 

^ONa yO yR 

CiM6C—OCtR6 + CjHsOH -» C,HiC—OC*H» + CtRiC==0 + NaOCsH* 

cja.c=o 


The addition compoimd contains no hydroxyl group. Only on the 
addition of water does rearrangement take place and produce benzilic 
add. The significant observation of Kohler and Baltzly ** is also of 
special interest from this point of view. These investigators have shown 

that hexamethylbenzil, (CHj)jC6Hj—C—C—CsHjfCHa)*, a compound in 
which hindrance prevents addition to the carbonyl group, does not 
undergo the benzilic acid rearrangement. This fact also gives charaicter 
to the argument of those who believe that the first step in this rearrange¬ 
ment is sm Action to the carbonyl group. Nef’s ** views are also shown 
to be unt^i^l^. Thus, Lachman has found , that benzilic acid can be 
made to yillt beustophenone and formic acid. Therefore the order is 
benzilbenzilic acid —*• benzophenone, and not as Nef postulated. 
13^ experimental results constitute a strong argument against the views 
Michael,**‘ijifim bases his mechanism on the preUminary addition of 
Lachman finds that the rearrangement takes place in water 

f *> 1 ^ 00 , Mmuath., ts, 63 (1902). 

I 198. m (1097); tl0.C72 (1904). 

) *• HUbMl. Am. e;^. 8e«., 4$, 812 (1«20). 
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solution in the Ebsence of Elknh, Elthough the rate of the reaction is 
slower. Neither does he accept the idea of Tiffeneau *® that both car¬ 
bonyl groups are involved. According to Lachman, addition of water 
takes place only on one ketone group. This appears to be supported 
by the fact that the addition compound which is formed with sodium 
alcoholate contains one molecule of benzil to one molecule of the ethyl¬ 
ate. Scheuing *® also supports this idea with experimental facts. This 
investigator has shown that in pjmdine solution potassium hydroxide 
forms with benzil a compound of definite composition, C 14 H 10 O 2 • KOH. 
At 0° this addition compound slowly rearranges to potassium benzilate; 
at 80° the conversion is rapid. According to Lachman’s views this can 

yOK 

be expected since the addition compound, ^ XqH ’ 

C«Hb—C=0 

hydroxyl group. Finally it should be pointed out that the experiments 
of Schonberg and Keller also indicate that the rearrangement does not 
involve both ketone groups. They have demonstrated that to bring 
about the reaction one molecule of reagent is necessary for every mole¬ 
cule of benzil. From all these facts Lachman has concluded that these 
changes arc essentially oxidation-reduction processes, and as such in¬ 
volve a transfer of electrons. In the discussion of the electronic mecha¬ 
nism as a common basis for molecular rearrangements this mechanism 
will be considered again. 

Other difficulties are encountered in the application of Tiffeneau’s 
ideas to facts wliich have been discovered since the hypothesis was pro¬ 
posed. From the experiments of McKenzie and his co-workers,“ it has 
been shown that certain optically active pinacols and amino alcohols 
maintain an asymmetric configuration during rearrangement. It has 
also been shown that when certain optically active tert-alkylcarbinols 
undergo the Wagner rearrangement optically active products are ob¬ 
tained." On the basis of the intermediate formation of molecules with 
free valences these facts presuppose that such free radicals catn possess 
a transient existence without loss of optical activity. 

A survey of the chemical literature shows that certain recorded facts 
strongly indicate that this is not pc^ible. Pickard and Kenyon « have 

“Soheuing, Ber.. K. 252 (1923). 

Sbhanbezg and KftUer. Ber.. &6, 1638 (1923). 

“ McKenzie and Richardson, J. Chem. Soc., 1*8, 79 (1923) ; McKenzie and Rojter, 
Aid., 1*5,844 (1934) ; McKenzie and Dennler, iind., 1*6,2106 (1924) ; McKenzie and Wilis, 
ibid,, 1*7,283 (1926) ; see also Ann. RepU. Chem. Soc. {London), *7,116 (1930) ; 80,1S4 186 
(1938) ; MoKensie and Myies, B«r., WB. a)9 (1932) ; McKenzie, Roger, «&d WiUs, J 
Chem. Soc., 779 (1926) ; McKenzie and Dennler, Ber., 60B, 220 (1927) ; McKeiuie, Roger 
and McKay, J. Chem. Soc., 2697 (1932). 

** Waiijz and Bowman, J. Am. Chem. Soc., 56, 491 (1934). 

" Pickard and Kenyon, /. Chem. Soe., *9, 66 (1911). 
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^lown that the acticm of magnesium on optically active alkyl halides 
9 ves optically inactive products. Other investigators have observed 
sunilar results. The spatial configuration of the valences in tricovalent 
carbanions, free radicals, and carbonium ions has been studied by Wallis 
and Adams.^ It is sufficient to mention only the fact that optically 
inactive products invariably resulted in all those metathetical reactions 
studied in which the intermediate formation of free radicals can justi¬ 
fiably be assumed to take place. 

In order to explain the results obtained in their study of the optically 
active amino alcohols and glycols, McKenzie, Roger, and Wills “ ^opted 
cm ionic hypothesis similar in some respects to that puggested by Jones 
and Wallis **“ as a possible explanation of their results on the Curtius 
rearrangement. These investigators represent the action of nitrous 
acid on the optically active amino alcohols as follows: 


(1) V- 
c«h/ ' 


yCH, 

-CH + HONO 


C«Hi 




OH NHj 


CtHs- 




/CH, 

-CH 


OH N=NOH 


CtHs' 




C,H/ I -h 
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1/CH. 

-CH 4- Na -f HaO 


/O /C«Hj 

(d) CtHfC -CH 

\lHa 


The pinacols and glycols are formulated in a similar manner. 


CaHeCHav. 

(0 V 
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-CH 


Cu,H7 


l/CioHj 


C,H6CHa^ 


OH OH 


C,H,CHav 

>0—C—H 
C,H,CHa/ I 4- 
04- 


yCHiClHi 

(1) CidlsCHaC—CH<( 

'CioHa 

They assume that both electric charges are alike in the above scheme 
in order to account for the non-formation of stable ethylene oxides. 
This idea to be very unlikely, and it has been criticized by Ha¬ 
worth." Hwbrth reiwesents the ch^es as being of opposite sign and 
explains their neutralization by a migration of the phenyl group with 
its electron p^. 

^ There are other objections to this hypothesis. In a study of certain 
i^cmtaneous n^grations of optically active groups from oxyg^ to sidfux 

f « W«Um and Adama, J. Am. Chem. 8oe., ZS. 3838 (1933). 

‘‘ " Swarmih, Ann. JtifZa. C3am. Sob. (Ziondon), IS, 111 (1988). 
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Kenyon and Phillips have shown that the rearrangement is accom¬ 
panied by racemization. An investigation by Wallis and Adams “ on 
the stability of the spatial arrangement of the groups in carbonium ions, 
Ri' + 

R*:C , has produced evidence which indicates that in the absence 

• * 

L RaJ 


of a special mechanism which leads to a Walden inversion such con¬ 
figurations are optically unstable. Only when the group is in the form 


Ri 


of the carbanion 


R^rC: 

Rj. 


does the spatial arrangement of the groups 


in the ion appear to be sufficiently stable to maintain an asymmetric 
configuration. 

In order to meet the objections to this concept in the form in which 
it has been applied by McKenzie and his co-workers, Kenyon, Lipscomb, 
and Phillips proposed that the mechanism of the rearrangement be 
formulated as follows: 
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CtE/ I 
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These investigators have pointed out that this interpretation has the 
advantage that it gives an explanation of the non-formation of the oxide 
“without departing from accepted theories of valency,” and that it is 
not necessary to postulate that a positive charge plays the part of the 
fourth group, thereby assuming that carbonium ions can remain opti¬ 
cally active in the free state. 

Reflection will show that this mechanism also has its disadvantages. 
Its chief fault lies in the fact that in the rearrangement of the unstable 
complex, [c], the formation of a free negative ion, CoHs”, is postulated. 
In the li gh t of the experiments of Wallis and Moyer “ on the Hofmann 
learrangem^t this can be considered to be a serious wideness. It is 
improbable that free negative phenyl ions are formed. Any idea of 

« Kenyon and Phillips. J. Chem. Sot., 1676 (1930). 

*• Kenyon, Lipscomb, and Philhiw, tbid., 421 (1930). 
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diasooiatioii into ions of this tjrpe must take into account the energy 
requirements necessary to break the bonds. Here, also, as in the Curtius 
and Hofmann rearrangements the experimental evidence indicates that 
the reaction is unimolecular in its nature. Therefore, it would seem 
that ions are not involved, but a transference of electrons within the 
molecule itself, and that an electronic mechanism is to be preferred. 

The ionic hypothesis has been advanced to explain the mechanism 
of other rearrangement processes. From the discussion of the applica¬ 
tion of the concept of the formation of intermediate cyclic compounds 
to the Wagner rearrangement it was seen that such an hypothesis tacitly 
assumes that changes of this type are brought about by the removal of 
water. However, it is known that there are instances in which water 
is not eliminated. It is also a fact that under suitable conditions (sol¬ 
vent, etc.) molecules of compounds which behave in this manner give 
evidence of ionization. This suggests an ionic hypothesis as an expla¬ 
nation of this type of rearrangement, and Meerwein and Wortmann “ 
have formulated the change on this basis. According to them such an 
interpretation can also be used to explain those reactions in which water 
is lost during the rearrangement process. They believe that the cause 
of these changes is not to be found in the assumption of a loss of water 
as the first step of the rearrangement, but lies within the ion which is 
formed by electrolytic dissociation. The purpose of the acids which are 
used to bring about the rearrangement is to estcrify the hydroxyl group. 
The esters so produced are assumed to be the ionizable molecules. 

The formulation of the rearrangement of 3,3-dimethylbutanol-2 is 
given as an example of the application of their ideas to the mechanism 
of the Wagner rearrangement. 

H 

Aoida ^ 

(OH,),C—CHOH-> (CHm),C—C—OAc ^ 

I I 

CH, CH, 


(CH,),C—C—CHs 

I 

H 


OAc- 


H 


(CH,),C—C(CH,)s 


OAc- (CH,),0=C(CH,)s + HOAc 

[OAo = acid radical] 


The pinacol rearrang^ent is explained in a similar maimer. 

[’(CH,),0--C(CH,)iOAc] OAc- [(CH,)»0—i(CH,)OAc] OAo" 

? O 

; -» (CH,)»C—C—CH, 

MeoMla and WoritamiA, Ann^ i89, 190 (1924), 

■ A ' 
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The fact that the reverse change does not occur is explained on the basis 
of the instability of the pinacolone esters. 

They explain the behavior of certain halogen compounds of the 
camphor series on the basis of this h 3 T)othesis. In the presence of dis¬ 
sociating solvents (cold alcoholic hydrochloric acid, etc.), camphene 
hydrochloride rearranges to give isobomyl chloride. It is known that 
these compounds have properties which are in many respects similar to 
the triarylmethyl halides. For instance, they yield ethers on treatment 
with alcohols. When shaken with water, camphene hydrochloride gives 
camphene hydrate. These facts strongly suggest that in solution the 
hydrochloride is ionized. The change of this compound into isobomyl 
chloride is represented by Meerwein and Wortmann as follows: “ 
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OBQANIC CHSmSTBY 


A siinilar mechapiam is used to the oonversiou of o-camphor 

diohloride into /^camphor dichloiide. 



/^-Camphor dioblorida ^ 


Hiis rearrangement takes place ea^y under conditions similar to those 
used in the converaon of camphene hydrochloride into isobomyl chlo¬ 
ride. It is rignificant that in phenol solution the change is rapid, but 
that it is slow in solvents of low dielectric constant xmless stannic chloride 
is present. A very slow change takes place in ligroin solution. It is 
more rapid in benzene, and still more rapid in ionizing solvents such as 
nitrobenzene. 

The relationships whidi exist between fenchyl alcohol, isofenchyl 
alcohol, o-fen^aie hydrate, and ^fenchene hydrate are also explained 
on the basis ^ this hypothesis. Other rearrangements in the camphor 
series are discussed. 

From udiat has been written it can be seen that Meerwein and Wort- 
n^nn (pve an inteipietatian to these rearrangements in the camphor 

** Meerwein and Wortmaan fumulated jS-eamiilior diddnride ae Z.S-dichloroeam- 
alsaa. The MpninieUta vt lipp and Lauabuig (Ann., 4M. 274 (ld24)] indieate tiwt it 
ll'Sftbdiobiorooainidia&e. 
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senes which is fflmilar to their explanation of tiie dehydration of t&i.- 
alkylcarbinols. On the basis of their proposed mechanism these halides 
are considered to be esters of hydrochloric acid. In discussing the re¬ 
lationships which exist between a- and jS-camphor dichlorides they point 
out that these halides bear a relationship to each other similar to that 
which formally exists between the dichlorides of pinacol and pinacolone. 
They show this analogy in the following manner: 


CH, 


CHg 


C 



<»-<Campbor dichlonda 


c 




CH, 

Pioaoolone diobloridd 


However, in 8tud3dng the properties of pinacolone dichloride they 
found that this substance cannot be converted into the corresponding 
dichloride of pinacol. Neither can the change be brought about in the 
reverse direction. This fact is significant since in these compounds the 
tendency to ionize is not present. As Ingold has pointed out, it is 
"an indication that special structural conditions are necessary for re¬ 
arrangement by the ionic mechanism.” It also strongly suggests that 
such a concept should not be unrestricted in its application but should 
be used only when it is known beforehand by some other method that 
ions are present. 

It is now our purpose to consider a few such cases. The diazoanuno 
rearrangement will serve as our first example. 

C«Hs—NH—N=N—CeH, —♦ p-NH,——N^NCaH* 

It is to be recalled that this rearrangement is best carried out in aniline 
in the presence of anfline hydrochloride; that is, it is catalyzed by the 
anilininm ion. It is also to be noted that the reaction is not intramo¬ 
lecular. Experimental evidence shows that the process in-rolves pre¬ 
dissociation followed by a recombination. The results trf Rosenhaver 

Ingdd, Ann. Repts. Chen. Sec. (London), Sl, 90 (1924). 
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and Unger “ and of Eidd ** bear out this statement, for the rearrange^ 
m^t of CJHs—C0H4—^NH—N*=®N—CeHtCHa in the presence of ani¬ 
line and of its hydrochloride yields as the main product, not the com¬ 
pound expected, but NH2CflH4—N=NC6H4CH3 instead. The follow¬ 
ing mechanism has, therefore, been proposed: 


CH»C«H4NH—N=NC«H4CH, + CeH»NH*+ 

H H 

1 1 

CH,C«H4N—N=N—CH 4 CH,, 


+ C*H6NH2 



4- 

H 

Hi -4 — 

1 

CH3C.H4N—N=NC.H4CH, 

1 


1 

L H 


CH,C*H4—N=NC4H4NH2 


This mechanism also suggests the reason for the low yield when the 
reaction is carried out in the presence of water. The rate of formation 
of the phenol from the diazonium ion comes into consideration, and 
since this rate is comparable to that of the rate of coupling the yield of 
the desired product is greatly diminished. 

Ions are also probably involved in the rearrangement of N-haloacj'l- 
anilides 

X O HO 

I 11 I II 

CeHsN—C—CH, -> X—CgHtN—C—CHt 

for it is known that in the case of N-chloroacetanilides the reaction is 
catalyzed in aqueous solutions by hydrochloric acid. There is also evi¬ 
dence which shows that in such solutions the qjeed of the reaction de¬ 
pends on the activity of the hydrochloric acid present. Further inter- 
es<^.ing facts have been reported by Olson and his co-workers." These 
investigators have studied the reaction in the presence of radioactive 
diloride ions, and they report that the radioactive halogen enters into 
the molecule faster than the rate of rearrangement takes place. To 

aome thk has suggested the following formulation. 

* 

I ** RoBenhaver and Uhcot, 4t, S92 <1928). < 

•» Kidd, /. Or*. Chem., % 198 {1937). 

® Battord, and Sonud, J. Am. Chtm, 8m,, Bf, 1618 (1987). Oboa 

Chem., 8, 76 <1988): wm this wrtigia tor other referenoM. 
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C,H*N< 









.0 + 0H8+ + Cl- ^ CeHsN—C—CH» + HjO + Clj 


H, 


/V° 


/V" 


CeHs—N—C—CH, + CU -» C1C,H4N—C—CH* + HCl 


This is hardly the complete picture for the process, however, since in 
all reactions of this t3T)e the yields are never good and many by-products 
are produced. Finally, it may be added that in the case of the corre¬ 
sponding N-bromoacetanilide bromine cannot be an intermediate be¬ 
cause Bell ** has shown that the rate of reaction of bromine on acetani¬ 
lide is such as not to allow this formulation. 

Neither can mechanisms of this type be used to explain the benzidine 
rearrangement. 

C«H6NHNHC6H6 NHaCBHr-CsHiNHa 


Although the reaction is catalyzed by acids there is good evidence that 
in such cases the rearrangement is intramolecular and that dissociation 
into ions does not take place. This evidence will be given later when 
the electronic concept is discussed. 

The rearrangement of N-alkylanilinium salts to alkylanilines may 
now be considered 

R 

NH NHj 

0-0 

R 

This rearrangement which was first discussed by Hofmann has been 
very extensively studied and many theories concerning its mechanism 
have been advanced.** At this time, however, only two points of view 
need to be considered. 

Michael *^ has stated that the most plausible course of this reaction 
is a dissociation of the salts into aniline and the alkyl halide. The 
haKdft then reacts with the hydrogen atom of the aromatic nucleus. 

«*Bea, Chem. Soe., 1164 (1936). 

**£«]», B«r., 18, 1646 (1882); Ndlting and Baumann, B«r., U. 1160 (1886); NSlting 

Foivl, £«**., 18, 2681 (1886); Limpsch, Ber., SI, 640 (1888); Hodgkin oud Limpaoh 
, it. Soe., U, 420 (1892); Rei&y and Hickinbottom, ibid., 117, 103 (1920). 

» Michael, /. Am. CW See., 41,_787 (1920). 
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NH» 


“I* RBr —> 



Blckinbottom and co-workere *• have tested this theory experimen¬ 
tally and have concluded that dissociation does not take place in this 
manner. In a study of the rearrangement of isoamylaniline hydro¬ 
bromide “ they have shown that, on heating, an isomerization of the 
group takes place, and that p-amino-tert.-amylbenzene is obtained. 
Some trimethylethylene is also formed. They also investigated the 
action of this hydrocarbon on aniline hydrobromide, finding that, 
“under conditions strictly comparable with those required for the re¬ 
arrangement of isoamylaniline hydrobromide,” the product was p-amino- 
ier<.-amylbenzene. 


yCEz 


HN—€Hr-€Hr—CH 



H 

HNH 


a + (CH,)»C=CHCH, 

Jb,- 


r H 

HNH 


o 

L C(C,H,)(CH,),J 


Br- 


Thus, they have concluded that the formation of the nuclear substituted 
aniline is due to the intermediate formation of trimethylethylene since 
each phase of this mechanism has been realized experimentally. This 
oonduffion may be questioned. 

Difficulties are encountered in explaining certain other results ob¬ 
tained by Hiokinbottom.** If the above reaction is carried out in the 
presence of certain metallic halide p-aminoieoamylbenzene is produced. 
Here the formation of an intermediate trimethylethylene cannot be 
used to mqdain the remits, for this olefin reacts with aniline either in the 
presence or absence of metallic halides to give the isomeric f«rt.-amyl 
compound. A mmilar fact is also observed with isobutylaniline.** The 
j^roduct of rearrangement in the presence of hydix}geii diloride or bro- 

i **]roalEinboMeBi,/.01bin.i8i)e.,M, (1027); HioldnbotttKa and Wain*. Cmt, 16S8 (1030); 
EielciiifaotUMa Sad Piastaa, 4biA^ ISSO (1030) j Biokanbottom, (Md.. 2390 (1932); 900,1070 
rdiiv (1934); Nature, Wt, 702 (193«. 

jt 
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mide is quite distinct from that which is formed when the rearrange¬ 
ment of the free amine ia brought about by dry metallic salts. In the 
former case p-amino-iert.-butylbenzene is formed; p-aminoisobutyl- 
benzene is produced in the latter reaction. Therefore, either this mech¬ 
anism must be abandoned, or else it must be assumed with Hickinbottom 
that the reaction in the presence of metallic salts follows a different 
course. 

There are doubts about the latter view, and it has been criticized 
by Beimett and Chapman.** These writers believe that a ampler ex¬ 
planation lies in Michael’s *’ interpretation of such rearrangements, and 
that both types of products are formed from the same intermediate 
compounds. When heated alone the hydrobromide is assumed to dis¬ 
sociate rapidly to produce a large proportion of alkyl bromide which 
isomerizes in the vapor phase to the terf.-bromide. This compound then 
combines with aniline. When the reaction is carried out in the presence 
of metallic halides the rate of formation of the alkyl bromide ia so much 
slower that substitution in the nucleus occurs before isomerization. It 
should be noted, however, that this explanation has its weakness in 
that as yet it lacks experimental verification. In fact, experiments by 
Hickinbottom and Waine *® indicate that it is impossible to reconcile 
it with the facts. 

More recently Hickinbottom has taken the position that the most 
probable course of the reaction is through an intermediate which postu¬ 
lates the formation of a carbonium ion of the migrating alkyl group. 
On this hypothesis the behavior of ethylaniline hydrobromide is repre¬ 
sented by the following scheme: 

CdHsNHa -I- CjHsBr 



Ilie rearrangement of alkyl phenyl ethers is of especial interest from 
this point of view. Since tins reaction is catalyzed by adds it is again 

•• and Chapman, Ann. lUptt. Ch*m. See. (fiondon), IT, 124 (1080). 

Hiddubottoixif &>€*, 1700 (1934)n 
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tempting to assume a mechanism involving the carbonium ion of tee 
migrating alkyl group as the intermediate. Indeed we can find evidence 
in the literature which gives credence to this belief. Short and Stewart ” 
have found evidence which shows that this rearrangement is not intra¬ 
molecular, at least in some oases, for when ethyl phenyl ether rearranges 
in anisole as a solvent p-ethylanisole is formed. When a longer alkyl 
group is used rearrangements within the group itself occur. These are 
typical reactions of a carbonium ion. Sowa, Hinton, and Nieuwland ” 
also have submitted facts which are best explained on the assumption 
that the change involves at least two molecules of the ether. Niederl 
and Natelson,’* however, are opposed to the idea that such rearrange¬ 
ments are intermolecular. They also reject for the most part the views 
of Van Alphen,™ Claisen,’* and Hurd and Cohen.’* According to them 
the most plausible explanation b a reaction mechanism which is uni- 
molecular in its nature, and which b based upon the considerations of 
Lj^worth ’* and of Latimer.” It should be pointed out that valid 


^CH—€H CH=CH R 

RO—0=C/ Sc/ 
CH=C/ N2H==C<: 

\CH, \CH, 


CH—CH 

HO—c/ '\C—R 

\CH==C< 

N:h, 


objections can be raised against Niederl’s proposed mechanbm. For 
example, the interpretation gives one no explanation of the presence 
of unsaturated hydrocarbons and of unsubstituted cresols or other 
phenob which are generally formed in rearrangements of thb type. 
Neither does it account for the fact that often in rearrangements of 
aB^rl phenyl ethers the alkyl radical bomerizes to another group during 
the reaction process. It cannot be used to explain the experimental 
results obtained by Cox ’* in his investigations of the closely allied Fries 
“rearrangement” of phenoUc esters. Here it b quite certain that when 
these esters are acted upon by such reagents as aluminum chloride or 
zinc chloride a sdssion of the molecule takes place, and acid chlorides 
are formed as intetmediates which then react with the phenol to pro- 

” Short and Stowart, J. Chem. Soe., 663 (1929). 

” Sowa. Hinton, and Nieuwland, J. Am. Chem. Soc., 54, 2019, 3694 (1932); 56, 3402 
(1933). 

” Yaa Jplphen, Bee. trm. ehim., 45, 799 (1927); Niederl and Natdeon, J. Am. Chem. 
See., 54, l(MBt(1932); Niederl and Storcb, ibvl., 55, 284 (1933); Smith, Und., 55, 849(1933). 

Clai«l|fe»nd Eielefa, Am., 401, 21 (1913); aaiMO, ihd., 418, 69 (1919); (Saiaen and 
Tietae, Ber.;0, 276 (1926); 81. 2344 (1926). 

''' Hurd ai^ Cohan, J. Am. Chem. Soe., 58,1917 (lOTl). 

** Xnpworth, /. Chem. Soe., T8, 445 (1898). 

J Utfaner, J. Am. Chem. See., 51, 8186 (1929). 

I and ocyworfcani, JBer.. 41, 4276 (1908); 4M, 214 (1910) i 84, 717 (1021) ; 85,1306 

Attweta. Amt., m, 86 (1920); Cox, J. Am. Chem. See., 81,363 (1980); Skiaiip and 
|N*r., 87, 2033 (1924): Skraup and WHWorkara, Her., 80, 942,1070 (1027). 
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duce ketones, for, in the presence of an inert solvent, such as diphenyl 
ether, acyl derivatives of diphenyl ether are formed. Thus, the evidence 
supports the hypothesis of Skraup and Poller and indicates that the 
reaction process is not in reality a true rearrangement but is inter- 
mt^eculsur in its nature. 

In this connection some experimental results of Wallis and his co¬ 
workers are of interest. They have studied the nature of the products 
formed in the Claisen rearrangement of certain optically active ethers. 
Although with dr and i-sec.-butyl m-cresyl and d- and i-sec.-butyl p-cresyl 
ethers they found that the substituted phenols obtained by rearrange¬ 
ment were optically active, they did observe that the rearrai^ement 
was accompanied by partial racemization. Furthermore, when experi¬ 
ments were devised to determine whether an alkyl radical containing 
an asymmetric carbon atom is actually able as a carbonium ion to enter 
a foreign nucleus without resultant loss of optical activity, the results 
obtained showed that this was not possible. In their experiments on 
the point in question they prepared d~ and t-sec.-butyl mesityl ethers 
and studied the nature of the products formed when the reaction was 
carried out in the presence of p-cresol. 



The 4 -methyl- 2 -scc.-butylphenol, however, in both cases, was completely 
inactive. It can be definitely concluded, therefore, that an intermolecu- 
lar carbonium-ion mechanism caimot be used to explain the retention 
of optical activity in the experiments on d- and f-sec.-butyl 7 n-cresyl and 
jj-cresyl ethers. At least part of the rearrangement products are formed 
by an intramolecular process in which no carbonium ions occur. In 
this latter case an electronic mechanism is the more probable. A similar 
r^ult has been reported in studies on the rearrangement of sulfinie 


esters. 


C»H» H 

\ / 

C O 

/\ T 

CH, O— S—CtH, 


C«H» H 

\ / 
c o 

/XT' 

CH, S 

/\ 

0 C7H7 


" qpn ing and WalUs, J. Am. Chem. Soc., »«, 1716 (1924): Gilbert and Wallis, J. Org. 
Chm... I, 184 (1940). 

•• Kenyon and Phillips, J. Chem. Soc., 1676 (1930); Argus, BaWl, and Ksnyon, ibid., 
486 ( 1938 ). 
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The optically active sulfinate yields largdy the cconpletely raoemized 
sulfoae. In the conall amount of the optically active sulfone so produced 
&e Configuration on the asymmetric carbon atom seems to be main¬ 
tained. If this rearrangement involved carbonium ions this would not 
have been expected. Here again at least part of the product formed is 
produced by an intramolecular electronic change. Such changes will 
be more fully discussed later. 

The ionic concept is also of interest when applied to explain the 
mechanism of the Wagner rearrangement which takes place when cer¬ 
tain reactions are carried out on teri.-alkylcarbinols. Wallis and Bow¬ 
man ® have studied the nature of the products formed when the hydroxyl 

group m an optically active alcohol of the type >C—CH2OH is sub- 

r/ I 

Rs 


stituted by chlorine. It has been found that, when the compoimd 
2-methyl-2-phenylbutanol-l is treated with thionyl chloride, the re¬ 
arrangement takes place with a migration of the phenyl group. A ter- 


CHr. 

tiary chloride 2-chloro-2-methyl-l-phenylbutane, X!—CH2C*Hs, 

c,h/ I 


Cl 


and 

CH 

C2H 



unsaturated hydrocarbon, 2-methyl-l-phenylbutene-l, 
are formed. It has also been observed that the 


tertiary chloride as formed, though largely racemic, possesses some op¬ 
tical activity. Since it is known that the first product of the reaction 

//^ 

of an alcohol and thionyl chloride is a compound of the type, R—OS—Cl, 
it is probable that the portion of the chloride which has maintained an 
aqmimetric configuration again has been formed through a rearrange¬ 
ment which is internal and consequently electronic in its nature. 

Ionic hypotheses have been used to explain other types of rearrange¬ 
ments. The rearrangement of benzil to benzilic add may be considered. 


0 0 OH 

^ / / 

CiH*G—C—C^» -h H,0 (C*Hi),0—COOH 

Recent work by Westhdmer * on ibis change shows that this reao- 
ffi catalyzed by hydrcmde ion with no measurdbie catalysis by 
either ions such as the phenolate ion or o-chiorophoiolate ion 

I «WaUb and BOwmaa, /. Am. Chtm. Soe., W, 491 (19S4). 

I #Wfatti^tier, (188®. 

5 ; 
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FurthennoFe, Hoberts and Urey ® in their studies on oxygen exchange 
report that the reEurangement is slower than the oxygen exchange which 
is likewise catalyzed by bases. To explain these results the reaction 
has been formulated by a shift of a phenyl group with its electron pair 
with subsequent addition of a proton to yield benzilic acid. 


0 O 


"OH 0 

IT \ ^ 

—> OgHglO—C- 

/ 

L 0- 

CsHs "1- 

OH—Ctc'rCeHs tn-l 


OH 

/ 

(C.H6)2C—COOH 


We shall see later, however, that the migration of the phenyl group with 
its electron pair does not take place as a negative ion. The shift of the 
group takes place in such a manner that again we should view the re¬ 
arrangement as being that of an electronic change. 

The rearrangement of the butadiene dibromides is of interest from 
the viewpoint of an ionic mechanism. 


CHr-CH—CH=CH 2 CH*—CH==CH—CH* 

II I I 

Br Br Br Br 


The rearrangement takes place rapidly at 100°, and it constitutes one of 
the main controversial points in the settlement of the question of addi¬ 
tion of halogens to conjugated systems of double bonds (p. 669). Ac¬ 
cording to Ingold “ this change can be explained best on the basis 
of an ionic mechanism. He assumes that during the initial addition 
process ions are formed, and that “since the second bromine atom is 
liberated (as anion) only during the addition of the first, the initial 
product of addition . . . consists of the ions of the 1,2-dibromide.” 

CHr-CH—CH=CH, 


Br + 

What happens after this initial stage of the reaction process depends on 
the conditions of the experiment. In a non-ionizing meditun association 
takes place and a 1,2-addition compound is formed. Under these com- 
ditioDS the production of any 1,4-addition product results from a re- 
•• Roberta «ad Urey, iWd-. #0, 880 (1938), 

** Ann. RepU. Chem. 8oe. (London). S#. 124-134 (1928); Burton and Inaold, 

J. Chem. Soe., 904 (1928); Ingold and Sfaoppee, ibid., 1109 (1929); Ingtdd and Smith, 
•Wd., 27(52 (1931) ; Burton and Ingold, tind., 2022 (1920). 
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arraDgement of the 1,2-dibromide. In this respect Ingold’s ideas are in 
agre^ztent mth the suggestioDS of Gillet,” who believes that 1,4-addi¬ 
tion is in reality preceded by 1,2-addition and rearrangement. Ingold 
believes that in an ionizing medium a distribution of the chaige takes 
place and therefore “in a general case a mixture of bromides results, 
the oompoffltion of which will depend on the attached groups.” 

In support of these ideas Ingold and Smith ** point out that iodine 
dbloiide adds to butadiene to give a mixture of 

CHjI—CH==CH—CHjCl and CHsI—CHCl—CH=CHj 

They argue that this indicates “an initial entrance of iodine at the 
a-carbon atom,” and therefore conforms with the ideas outlined in the 
preceding paragraph. It is of interest to note, however, that the ex¬ 
perimental results of Muskat and Northrup *• on the chlorination of 
butadiene cannot be explained so easily. They carried out the chlori¬ 
nation in non-ionizing solvents, and in each case considerable amounts 
of the 1,4-dichloride were formed. They also observed that these two 
chlorides do not rearrange into one another, as do the dibromides. 
These facta make it evident that the formation of 1,4-butadiene dichlo¬ 
ride in a non-ionizing solvent cannot be explained by the interpretation 
advanced by Ingold. They seem, on the other hand, to confirm the 
ideas of those who believe that in halogen addition to butadiene there 
is a simultaneous formation of 1,2- and l,4-dihalide8, and that the rela¬ 
tive proportions of the two compounds formed in any one experiment 
depend upon the conditions (temperature, solvent, presence or absence 
of peroxides, etc.).®' 

The addition of hydrogen chloride to vinylacetylene is also of inter¬ 
est from this point of view. Carothers and Berchet have shown that 
the first product of the reaction is 4-chIorobutadiene-l,2. This com¬ 
pound is Bufiiciently stable to be converted into its carbinol. However, 
in the presence of cuprous chloride and hydrochloric acid it readily 
rearranges into 2-chlorobutadicne-l,3. Their experiments show that 
the reactions take place in the following order. 

HCJ 

^ CH*=-C=CH—CHaCl 

l,4>ftddiUo& 

CH^(C1)-CH^H. 

The reactitm product of idrenylmagnesium bromide on (II) reacts with 
water to give a dwfivatire of (III), 2-phenylbutadiene-l,3. The iso- 

jOGiUet, BvO. toe. efum. BOg., U, 3«e (1922). 

> Muikat and jiortlinip, J. Am. Chem. Boe., M, 4043 (1030). 

^ ^lOiaraiKb and oo-worksra, ibid., H, 2468, 2S21, 2S31 (1083); IS, 244. 712, 1212, 
tm, 1782 (1034); 37, 84S3 (IW); CO, 37 (1036); J. Org. Chmn., t, 303 (1036). 
and Btach/A, J. Am. Chem. Boo., H, 2807 (1033). 
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meric chloride (III) does not react with the Grignard reagent. These 
investigators believe that these and other results which they have re¬ 
ported show that a, 7 -rearrangement 8 of this type cannot proceed by 
any mechanism involving free ions. The reactions are intramolecular 
in their nature. They prefer to consider these changes as being brought 
about by a mechanism which assumes the formation of an additive 
complex. Chelation and opening of tiie ring result in the abnormal 
products which they obtain. 

R—CH=CH 

X >=■ 

M *-X 

I 

X 


Johnson explains the abnormal reactions of benzylmagnesium 
chloride on the basis of a similar mechanism. For example, acetyl 
chloride reacts with benzylmagnesium chloride to give o-tolyl methyl 
ketone. Almost none of the “normal” product, benzyl methyl ketone, 
is produced. This fact is explained on the assumption that an additive 
complex of the following type is formed. A shift of electrons then takes 
place followed by an “intramolecular chelation.” Opening of this che¬ 
late ring produces the rearrangement product. 


0(CsH6)2 

Mg*^ 

CH, Cl 

0(CjHj)2 

C"—O X 



^0(C.H.)2 
Mg 


*c—i 

/\ 

CHs Cl 


\ 



OCCzHs)* 

iC MgX 

H 

-O 0 (C!!H*), 


/\ 

CHi Cl 



CH» 


0 (C,H,), 
C-O-MgX 
di^'ci icCiH*)* 



\ 


CH* 


0=0 


+ Mg<^+ 2 (OH*)j() 


i: 


H, 


* Tb« cwboD mkrkad by an aateiiak baa a sextet oi etootrons. 

** Johnson, ibid^ S6, 3029 (1933); Austin and Johnson. Had., M, ®47 (1982). 
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Other examples are known and could be discussed, mich as the allylio 
rearrangements which have been studied by Provost, but the illustra¬ 
tions which have been given are sufficient to show the applicability of 
this concept to rearrangement processes. Often it appears that these 
dhanges which at first might seem explicable on the basis of predissocia- 
tfon are in reality purely intramolecular in their nature, and that the 
electronic displacements and shifts which produce these reactions take 
place within the molecule itself. In such rearrangements an electronic 
medianism is to be preferred. 

THE ELECTRONIC CONCEPT AS AN EXPLANATION OF 
INTRAMOLECULAR REARRANGEMENTS 

In the preceding sections of this chapter those interpretations have 
been discussed which in one form or another have explained rearrange¬ 
ment proce^ea on the basis of predissociation either into radicals or 
ions. It has been diown in many instances that the application of this 
concept is very limited and that for many rearrangements the explana¬ 
tions are wholly inadequate. The failure of these interpretations as 
explanations of the mechanism of molecular rearrangements is due to 
the fact that those investigators who proposed them did not realize 
that such reactions often are dependent on properties inherent in the 
molecules themselves, and for that reason cannot take place in a step- 
by-etep fashion, but must be continuous processes which involve simple 
displacements or transference of electrons from one atom to another 
wi^n the molecule. 

In a brilliant paper entitled “Applications of the Electronic Concejv 
ticHi of Valence,” Jones first examined intramolecular rearrangements 
from this point of view. In a discussion of reactions which are known 
to take place among certain classes of compounds containing nitrogen 
his considerations led him to put forward the fundamental generaliza¬ 
tion that “a carbon atom when linked directly to a nitrogen atom does 
not readily take from it negative electrons, or in other words is not 
readily reduced by it,” but rather “the tendency of the ^stem is to 
pass to one in which the carbon atom is as fully oxidized as possible and 
the nitrogen atom as fully reduced as possible.” The relationships 
which exist between the amines, aldimides, nitriles, nitrile oxides, isoni- 
ttuparaffins, and hydroxamic adds, and also the aldoximes, amides, 
la^anates, and the carbamic adds are explained on this basis. In 
tpfiymg this prindple to intramolecular rearrang^tnents of the Cur- 
Ebfmann, Lossen, and Beckmann types, Jones arrived at the oonr 

iam. Am. Chem. SO, SU (IftlS), 

r 
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cluid<^ that these rearrangements are not essentially different in mecha¬ 
nism. In the conclusion of his argument he states, “In my opinion . . . 
[these rearrangements] all have in common, intramolecular oxidation 
and reduction, or an exchange of negative electrons between the carbon 
atom and the nitrogen atom. In fact if aU of the reactions classed as 
examples of the Beckmann rearrangement (including the Hofmann and 
Curtius reactions) are inspected it will be observed that in every case 
the rearrangement is accompanied by a process of intramolecular oxidation 
and redxiction. It seems very probable that this tendency . . . may be 
the real determining factor in the Beckmann rearrangement, and that 
the formation of univalent nitrogen, propKjsed by Stieglitz as the im¬ 
mediate cause, may be a mere incident, necessary, to be sure, to pave 
the way for the change. . . . Stieglitz claims that the rearrangement 
is induced by the potency of the free valences of univalent nitrogen. 
The present mode of viewing the rearrangement would speak rather of 
the potency of the carbon atom to lose negative electrons, and of the 
nitrogen atom to acquire them, and would look upon the free valences 
of univalent nitrogen as the stage-setting required to furnish a suitable 
environment in which the essential action may take place.” 

Essentially the same ideas have been expressed independently by 
Stieglitz.*®' “ Robinson *® and Ingold “ also have believed for a long 
time that intramolecular rearrangements involve a transference of elec¬ 
trons within the molecule and consequently are best explained on the 
basis of an electronic mechanism. 

With these ideas in mind Whitmore ** has proposed that a more 
general application of this concept should be made, and that the mecha¬ 
nism of the migration of groups in all intramolecular rearrangements be 
placed on a common basis and be explained on the supposition of a trans¬ 
ference of electrons within the molecule. According to him the struc¬ 
tures of organic molecules which undergo intramolecular rearrangements 
can be represented electronically by one of the following general for¬ 
mulas: 

:A:B:X; * ’a:b:D:X: 

• •* * •• •• 

a) (2) 

in which X is a strongly electronegative atom, and A, B, and D are 
atoms which are neither strongly electronegative nor eledaropoffltive. 
System 1 contains those molecules which undergo rearrangements of 
the iwirmunn, Curtius, Hofmann, end Lessen typ^. Other r^rrange- 
memts such as the pinaccd and allied rearrangements are also included 

Ann. Rapt*’ Chem, Sob. {London), M (1923); tl (1924). 

n J, Aw. CAbw. Sob., S4, 3274 (1932). ' 
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in this system. Hie allylio reairangements take place in molecules 
which belong to system 2. 

When molecules of either of these two types enter into chemical 
reaction in such a manner as to remove the atom X from the system it is 
postulated by Whitmore that X takas with it its shared pair of electrons 
and leaves the atom B or D, as the case may be, with an incomplete 

diell of six electrons. The course of the reaction from this point is 

• • •• 

determined by the changes which take place in the fragment :A:B. 

• • • • 

• • 

Under suitable conditions it may take up a negative ion : Y: from the 

«• 

reaction mixture. This yields the normal product : A:B:Y;. Another 

possibility must be considered if one of the groups attached to A is a 
hydrogen atom. The fragment can now also lose a proton. Under 
these conditions olefinic compounds are produced. Thus, it is seen 
that on the basis of this mechanism ole&ns are not necessarily inter¬ 
mediate products in a chemical reaction but are formed as products of 
"side” reactions. This interpretation is significant, for it explains why 
the concept of the intermediate formation of olefinic compounds, which 
has been discussed previously, fails as an explanation of molecular re¬ 
arrangement processes. The third possibility, perhaps the most im¬ 
portant, is stated by Whitmore as follows: “The nature and environment 
of A and B may be such that B has the greater attractions for electrons 
or that A can more readily dispense with a pair of its electrons. In 
either case a change in the fragment will leave A with an open sextet. 



The shift of the dectron 'pair indtides the atom or group which it hdds. 
The new fragment can then recombine with the ion X or with a new 
negative ion Y from the reaction mixture. The result is an ‘abnonnar 
or ‘rearranged product.’ In this manner either the compound XAB 
or YAB is formed.” 

Whitmore also has discussed the nature of the products which may 
be formed when one of the groups attached to the rearranged fragment 
is a hydrogen atom. Here again as in the original fragment the system 
can stabilise itself by tiie loss of a proton. However, it can be readily 
seen that the nnsaturated compound so formed may not be the same as 
^t obtained in the former case. 

I Htis reaction mechaninn can be successfully applied to many types 
ih^^Bmolecular rearrangements. It has also bemi very usefid as an 
1 ^ In the determiikalion of tiie nature of “abnormal” psoducts whi(^ 
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are often formed in chemical reactions, and in foreseeing when rear* 
rangements are to be expected. The following examples are given for 
the purpose of showing its range of application. 

It is well known that the action of nitrous acid on amines often 
produces compounds which are products of a molecular rearrangement. 
Thus, when neopentylamine is treated with nitrous acid dimethylethyl- 
carbinol is obtained. None of the corresponding tert.-butylcarbinol is 
formed in the reaction. On the basis of the mechanism under discussion 
the reaction is formulated as follows: 


CH, H CH, H 

•• •• HONO •• •• • 

CH,:C : C:NHs-> CH,:C : C:N:n:0:H 

CH, H CH, H. 


Removal 
o( N] 

--- ^ 

and :6: H 


CH, 
CH,:C : 
CH, 


H 

C 

H 


Shift of an 
electron 


pair with 
methyl group 


CH,:C : 


CH, 

i=9.=H 


H 

C:CH, 

H 


:0:H 


CH,:C;C,H* 


CH, 


Other reactions of <ert.-butylcarbinol and its derivatives can be ex 
plained in a similar manner. For example, the preparation of tert.- 
amyl acetate from neopentyl iodide is explained by Whitmore as follows: 


CH, H 
CH,:C : C:'l: 
CH, H ” 
CH, H 

CH,;C : C:CH, 
H 


Removal 


CH, H 


of :I: 


CH,:C 


^ Migration 
^ 


H 


of CHi: 


:OKX)CH, 


CH, 

CH, 

> CH,:C:C2H, 
:0:C0CH, 


The preparation of ferf.-butyl compounds from irobutyl alcohol and 
its derivatives is easily explained on the basis of this mechanism. This 
concept also accounts for the failure of all attempts to prepare halides 
RH 

of the type R:C:C:X: by the action of such halogenating agents as 
R H *’ 






(mOANlO CHEMISTKY 




hydrogen bromide, phosphorus pentabromide, or thionyl chloride on 
the corresponding carbinol. In these reaction processes the group is 
deprived of an electron pair, and rearrangement within the system can 
then take place. 

This point of view suggests that if reactions are carried out on these 
molecules in such a manner as to remove X without its shared pair of 
electrons then the group has at all times its full quota of electrons, and 
rearrangement is not possible. In this connection the rearrangement of 
certain derivatives of /9,/3,/S-triphenylpropionic acid is of special interest. 
Hellerman ** has shown that the bromamide and the potassium salt of 
the benzoyl derivative of the hydroxamic acid rearrange under scutable 
conditions to give /3,/3,/5-triphenylethylamine. The process is accompa¬ 
nied by no rearrangement within the triphenylethyl group. 

0 

/ 

(C«H,)sC—CH,C—N—H -♦ (CeHs),C—CH»NH, 

\ 

Br 


Whitmore and Homeyer ** have studied the Hofmann rearrangement 
of tert.-butylacetamide. This compound yields neopentylamine quanti¬ 
tatively. No rearrangement takes place within the neopentyl group. 
These investigators picture this striking difference in the behavior of 
this group in different classes of compounds on the following basis: 

H The break in the molecule leaves the neopentyl 

(C!Hi)iC:C :X: - group with an incomplete shell of electrons. 

Keazrangement within the gpx>up is possible. 

The break in the molecule leaves the neopentyl 

CX)NH, - group with its complete octet of electrons. No 

rearrangemoit is possible within the group. 

The application of these principles has suggested a method for the 
preparation of ferf.-butylmethyl chloride (neopentyl chloride). It has 
been diown above that it is not possible to obtain this type of cmnpound 
by the action of the common halogenating agents on ferf.-butylcarbinol. 
I^wever, if the substitution is carried out so as to leave the neopentyl 
group with its full quota of electrons it should be possible to pr^are 
primary chloride. This task has been accom|diBhed by Fleming 
mid Whitmore." The ddoriimtion of 2,2-dimetby^propa&e (neopentane) 
y^eAds this haiyde. 

4 aid., », 1738 (1827). 

M^VMtiaore and Sornttf**, Oid; •«. 3838 (1832). 

, 4 Wyiaadns and WhinnoTe, ibid., 84, 3460 (1882). 


H 

H 



MOLECULAR REARRANGEMENTS 1006 

CH, H CH, H 

CH,:’c : C: H + :C1: Cl: -> HCl + CHs:C : C:ci: 

•• •• •• •• •• •• 

CH, H CH, H 

It is of interest to note that after it is formed neopentyl chloride is a 
surprisingly stable chloride. However, it can be stated with certainty 
that, if metathetical reactions are carried out on it in such a manner 
as to remove the chlorine atom with its shared pair of electrons, rear¬ 
rangement products will invariably result. 

Whitmore has cited as further evidence for this concept the fact 
that no rearrangement to tertiary butyl compounds takes place when 
isobutyl bromide is converted to isobutyl alcohol by the action of oxygen 
on the Grignard compound. •“ This failure to yield rearrangement prod¬ 
ucts is interesting when it is remembered that in most metathetical 
reactions involving isobutyl compounds a change to <crt.-butyl deriva¬ 
tives easily takes place. If the generally accepted hypothesis is adopted 

that in the formation of the Grignard reagent the reaction takes place 

* * 

in such a way as to involve momentarily a scission of the molecule R:X: 

into the system of potentially neutral free radicals R*...’X:, then 

• • 

the failure to give products of rearrangement is understood, and is to 
be exj)ected. 

* • 

.•••X: 

R:X: + Mg: Mg: C’’ • • ->• R:Mg:X: 

'•••R 

On the basis of this electronic mechanism it is only when the radical is 
left momentarily with an incomplete sextet of electrons that one should 
expect it to undergo rearrangement. 

The reader should not get the impression from this discusaon that 
no rearrai^ments involving the Grignard reagent have been recorded 
in the chemical literature. Many such rearrangements are on record. 
However, it is probable that rearrangement occurs during those re¬ 
action processes which take place after the formation of the Grignard 
reagent, and not during the course of the formation of the alkyl- or 
arylmagnesium halide itself. For example, Gilman and Harris ” have 
observed that the Grignard compound prepared from dmaamyl chloride, 
CoHjCH-oCH—CH 2 CI, reacts chiefly to give produlefa cS the typje 

" Whitmore end Lux, {bid., M. 3448 (1932). 

” Gilmaa and HniriB, ibid., 88, 3641 (1931); Gilman and Kirby, M, 845 (1032) 
Attatin and Johnson, ibid., 04, 647 (1932). 
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C«HfiCH—CH«CHa. 

i 


One of their several interpretations involves the 


intermediate formation of free radicals. (See also p. 616). 


CeHj—CH=CH—CH,C1 + 

C.H*—CH=CH—CH,- 

C«H»CH—CH==€H, - 


C.HsCH==CH—CHr- H-MgCl 

RearTftnBemeat 
-> 


i 

MgCl 


CsHsCH—CH=CH, + CO, 

I 

MgCl 


HOH 


* C,H»CH—CH=CH, 



This particular interpretation is unlikely on the basis of the electronic 
mechanism outlined above. This concept would have one view the re¬ 
arrangement as taking place after the formation of the Grignard reagent. 


C.H,—CH==CH—CH,C1 -I- Mg 

CO«(HOH) 

C6H,CH=CH—CHjMgCl —— -C#H,—CH—CH=«CH, 

i 

CO,H 

Evidence for this latter formulation is found in the behavior of the 
Grignard reagent prepared from benzyl chloride. It has previously been 
seen that in some of its reactions this compound yields products which 
are formed by processes involving molecular rearrangements. Other 
illustrations ** could be given, as for example the action of formaldehyde, 
benzaldehyde, ethyl chlorocarbonate, and acetyl chloride on benzyl- 
magneaum chloride. It also gives in some cases the normal and ex¬ 
pected product. Coleman and Forr^ter ** have observed that mono- 
chloroamine reacts with benzylmagnesium chloride to give benzyla- 
n^e. No indication of the fonnation of the rearrangement product, 
o*toluidine, was noted. They also studied the action of monochloro- 
aeoine on o-naphthylxnethylmagnesium chloride. Similar results v%re 
<^tained, althou^ it is known that in some of its reactions this Grig- 
nlird compound reacts abnormally. Hrerefore, it must be assumed, at 

i « Cobnnan uid F o t wrtSr . AU., M, S7 (108$). 
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least in these reactions, that the normal Grignard reagent is first formed, 
and that rearrangement occurs in the reactions which foUow. 


CHsMgCl 

O 


+ CHtO 


EOH 


rearrangement 


CH, 

O CH*OH 


CHiMgCl 

O 


+ NHjCl 


CH2NH2 



+ MgCl, 


CHjMgCl CHjNHj 



Another example may be profitably cited. Ford, Thompson, and 
Marvel ’* have studied rearrangements of polyynes. They have re¬ 
ported that when the Grignard reagent of phenyl-ter<.-butyl-tert.-butyl- 
ethynylbromomethane is treated with water, carbon dioxide, or methyl 
chlorocarbonate the resulting product is an allene derivative. They 
have formulated the reaction as taking place in the following manner: 


C.Hj C,H, 

1 i 

(CH,),0—C^O—C—Br + Mg (CH,),C—C=C—C—MgBr 

1 I 

C(CH,), C(CH,), 


HOH 


+ (CH,),C—CH===(>=C 


/ 


CjHs 


CO, 


/ 

(CH,),C---C=0===« 

HOH 1 \ 


CeHt 


CO,H C(CH,)» 


** Ford, TlMjmpton, ond Marv«l, ibid., 9T, 2619 (1936). 
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C,H, 

•255^ (CH.)rf:-c-c-c^ 

1 \ 

CO,CH, C(CH,), 


Thus, tliis interpretation would appear to be in agreement with the 
concept under discussion. 

The electronic mechanism has been used with marked success to 
explain the various products formed in the dehydration of alcohols. It 
has been previously pointed out that according to Lachman “■ “ the 
changes involved in the pinacol and allied rearrangements are essen¬ 
tially orddation-reduction processes which involve a transference of 
electrons within the molecule. According to Whitmore ” this process 
takes place in the following manner. “The more reactive hydroxyl . . . 
is removed in the course of the reaction, leaving an open sextet which 
is completed by a rearrangement.” 


R R R R 

H:0:C : C:R H:0:C:C:R+ :0:H ^ 

•••• •• •••• •• 

R :0: R 

H 

R R R 

H:6 Vc : C:R -♦ R;C:C:R + H*0 


:0: R OR 

• • • » • • 

H 


The rearrangement of the iodohydrins follows a similar course. 

It should be noted at this point, however, that it has been pointed 
out both by Wallis and Whitmore and by Bartlett and Pdckel 
that the open sextet actually never does exist as such, for the removal 
of the hjrchoxyl group with its electron pair and the rearrangemait of 
the radical, R, occur dmultaneously. Bartlett has further concluded 
that in rearrangements of this type as well as in the Wagner-Meerwein 
transformations the migrating group approaches its new carbon center 
from the rear, and thus produces an invennon of configuration when 
optically active compounds of these types are allowed to rearrange. 
B^nstein and Whifanore have considered this point of view in their 
anhly^ of the semi-pmacolic deamination of dextrorotatory 1,1-di- 
l^i^yl-2-amino>l-propanol to methylphenylaoetophenone 

>«• Wallis and WUimora, Aid., M. 1427 (1034). 

BartlaU imd PSehd,.tMd., «•. 820 (1^. 

^» Swsatoin and WhHOion, Aid., tt. 1324 (19^). 
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CH, C«H, CHs O 

I / 1 / 

H Q- Q —CflH# —► CeHb ■ C—C—'CeSb 

I I I 

NH, OH H 


If it is to be assumed that in rearrangements of the Curtius, Lossen, 
and Hofmann types the transformation occurs with retention of con¬ 
figuration then their experiments clearly indicate that Bartlett’s views 
are correct. That retention of configuration during the Hofmann re¬ 
arrangement can occur in hindered systems has been demonstrated by 
Bartlett and Knox in the following series of reactions: 

O 


// 

C—NH, NH, 



Noyes has also described experiments leading to a similar con¬ 
clusion in his studies of the degradation of the camphoric acids. 


CH,-CHCOOH 

CH,—C—CH, 
CH,-(>-COOH 

I 

CH, 


H 

I 

rCH,—C—NH, 

1 

CH,—C—CH, —> Lactam 

-CHr-<>-COOH 

1 

CH, 


Bartlett and Knox, ibid., 61, 3184 (1939). 

Noye,, Am. Chem. J., 16, SOO (1894): Noyes and Porter, J. Am. Cktm. Soc., St, 189 
(1916): »4, 1067 (1912); Noyes and NiokeU, ibid., 36, 118 (1914). 
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NHi 


C—COOH 



CH, 

trans 


C—H 



Does not 
form Inotam 


It is to be mentioned that in this case the rearrangement has been 
carried out under asymmetric conditions and that consequently other 
directive forces may come into play. In the interest of generality it 
would be desirable to establish a rigid configurational relationship in the 
system R 1 R 2 R 3 C—COOH —»R 1 R 2 R 3 C—NH 2 . Only then would it be 
posable to state with certainty that the Hofmann rearrangement always 
occurs with retention of configuration. The essential point in question, 
namely whether in the absence of special directive forces an asymmetric 
carbon atom can preserve its configuration when it migrates with an 
electron pair from A to B, has been rigorously proved, however, in the 
investigations of Lane and Wallis on the Wolff rearrangement of 
optically active diazoketones, for in tins case the necessary configura¬ 
tional relationahips are readily obtainable. The proof was achieved by 
the following cyclic process: 


R—CO*H 


BOCSi 


CBiN, 

i ( 1 ) 

R—CO—NHC(^ 4 Br-p 


BOCfe 


> R—CO—CHN, 


B|0,AgsO 
NiAO, ’ 
W 


R—CHi—COtH 


( 3 ) 


t 


CBiNi 


B«rW«-Wiel»nd _ __ __ __ 

R—COtH <—H—CHt—COtCHi 




dafndktian 

(4) 


CH, 

Rmn-CiH,!—C— 

dleH, 


***|Aiw and WidUw, ibid., 1674 (1941). 


f, 
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Since only step 2 in this cycle involved the breaking of a bond of the 
asymmetric center, it is clearly established that in this step the Wolff 
rearrangement proceeded without a Walden inversion. The assumption 
of BCTnstein and Whitmore seems, therefore, to be justified. 

It is fitting to point out that these views of an electronic mechanism 
outlined in the preceding pages have certain limitations. For example, 
they need to be extended to explain the results of McKenzie, Roger, 
and McKay,in their studies on the pinacol rearrangement of optically 
active 1,2-diphenyH-o-tolylethanediol, 

OH OH 

Dehydration with dilute sulfuric acid gives an aldehyde, 

(C,Hs),C—CHO 

I 

o-CtHt 

and an optically active ketone 

H 0 

I II 

)>C—C—C»H» 

o-C7Hr 

In striking contrast to these results are those obtained with the corre¬ 
sponding optically active modifications of l,2-diphenyl-p-tolylethan6- 
diol-1 2 This compound behaves differently. No aldehydes are formed 

’ ■ H 0 

C,H»\| ^ 

on rearrangement, and the p-tolyldesoxybenzoin, C—C—C«Ht 

P-CtH/ 

which is formed is completely inactive when either oxaUc add, cold 
sulfuric acid, or hot dilute sulfuric add is used as the dehydrating agent. 
At first glance this apparent disparity in results is hard to understand. 
However, reflection will show that there are good reasons for these 
differences in their observations. If we recall the strengths of the adds, 
o-toluio add (c), benzoic add (6), p-toluic acid (c), we find that (a) is 
stronger than (6) and that (c) is weaker than (6). In terms of electrons 
we may construct a picture in which the methyl ^up in the para- 
podtion is electron repelling and in the ortfto-position is electron at¬ 
tracting. 

«" Roan, and McKay. /. CImn. Soc., 2697 (1932); Rooer ud McKay. OM 

m ( 1983 ). 
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If this is correct the results outlined above are easily understood. 


In the case of the o-tolyldiol the removal of the tO:H group sdth its 


octet vdll be made more difficult and the ease of rearrangement of the 
;H with its electron pair will be made greater. Consequently the time in 

:OH 

which the molecule will exist in an intermediate state, C»H»: C: C—CeH&, 


o-CtHt H 

will be very short indeed. On the other hand in the p-tolyldiol the re¬ 
verse will be true and consequently racemization can take place with 
far greater readiness. 

Experiments on the Chapman rearrangement would be of great 
interest from this point of view. 


OR' O 

/ ^ 

R—0=N—R R—C—N—R 


where R' is an optically active radical. 

Kinetic studies of rearrangements by Hauser and collabo- 

ratore of compounds of the type CeHsC—NH—O—C—C#H«X' and 

XC«H 4 C—N(H)OC—C«H 6 also clearly bring out this effect. From such 
experiments it can be concluded that the rate-determining step in the 

prooeas is the release of the —0—C—CeHiX' or —OC—C6H6 as anion. 
The rearrangements are facilitated by the electron-repulsive charac¬ 
ters of X and the electron-attractive characters in X'. 

When the group containing X' has a methyl group in the poro- 
position the rate of rearrangement is slower than it is when the methyl 
group is in the ortto-position. The opposite is true when o-CHs and 
p-CHs are in position X. Furthermore, the logarithms of the velocity 

//^ 

coefficients for the transformations of C»H»—C—NH—0—CO—C«H 4 X' 
^ves a strai^t j^'wben plotted against the value of log K for the acids 
X'CoHiQOOH ^en when X' is in the ortho-position. The linear rela- 

; 

ti^inship does not hold for X—C.H 4 C—N(H)OCO—C*H». Thus, the 

BauMr aad o o -irorkcnt, jim. Chem. Boo,, M, 121 <1087); 80, 2808 (1037); 81,818 

um. 
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qfuantitative correlation is true only where the variable group is in the 
acid portion of the molecule. 

The electronic mechanism as outlined has other limitations. It 
does not aid one in predicting the nature of the products formed when 
the groups attached to the two central carbon atoms of the pinacol 
are different. However, Ingold has treated this problem also from 
the electronic viewpoint and has come to certain conclusions which 
are of interest. According to him, in compounds of the type 
RRiC(OH)C(OH)R 2 R 3 , the nature of the ketone which is formed will 
depend on the particular hydroxyl group which is eliminated as water 
during the reaction process. This elimination in turn depends on the 
capacity for electron release of the groups which are attached to the 
two central carbon atoms. The hydroxyl group will be removed from 
that carbon atom whose groups have the greatest capacity for electron 
release. Ingold *** points out that this capacity may be derived from 
theoretical considerations or may be obtained from observations in 
other fields of organic chemistry. From the vast amount of data which 
is available he has established the relationship: H < alkyl < aryl, in 
which hydrogen has the least capacity for electron release. For pur¬ 
poses of illustration he has formulated these changes in the following 
manner: 


(a) H < alkyl (CH,, CiH») 
„ 0 H 

(i Cl 

CH3-H 


-► CH3—C—C —0 


A 


'6“S 


(6) alkyl < aryl (C#H*, etc.) 

( OH ,OH 

A ^A- 


CeHa 


C"““ C B2CgH3* 

HjCgHs 


CgHsCHr-CH—C-CHjCeHs 
CeHe 


Many other compounds involving rearrangements of this type have been 
discussed by him from this point of view, but the principles involved 
are essentially the same. It is sufficient at this time to state that the 
rearrangements of ethylene oxides apparently follow similar rules, and 
that these compounds yield either of two ketones according to the 
relative capacities of the groups for electron release. However, it would 
appear that in some instances there are exceptions. L^vy and Sfiras “* 

Infold, d.nfi* Ghent, Soc, {London), U, 124r~lS4 

^ Li6vy uid Bfirast Compl. Tend,, 134,1336 (1927). 
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have studied the rearrangement of some ethylene oxides of the type 
C&Ht(CH*)»—CH—CH»[» * 1 to 4]. They report that on rearrangement 

the hydrogen atom migrates in preference to either the benzyl group, 
the jAenylethyl group, the phenylpropyl group, or the phenylbutyl 
group. Thus, 

R—(CH,).—CH-CH, R—(CH,)„—C—CH, 


It must be stated, however, that these rearrangements were carried out 
under drastic conditions. The isomerization was produced by heating 
the oxides with zinc chloride, or by passing the vapors over alumina at 
260®. Therefore, their results may be explained on the assumption 
that under such conditions a further isomerization of the primary prod¬ 
uct takes place.*“ 

Interesting application of the electronic concept has been made to 
aUylic systems. Whitmore formulated the change: 


•• Batnovftl •• •• Shift of •• 

A::B:D:X: -n —* A::B:D > A:B::D 

• • •« •• of sX* •• 


' electron pair ,, * 


Union 


with :X: or :Y: 


-> :Y:A:B::D 


The case X = Y (triad anion tautomerism) has been similarly discussed 
by Ingold for systems; 


R 


Tr 


CH—CH==CH, vi-R CH=CH—CH,X 


Here also the ease with which the anion X leaves the system depends 
in part on the capacity of the group R for electron release, that is, to 
supply electrons to the “depleted” carbon atom. A study of a number 
of such aystems where R is p-chlorophenyl, p-tolyl, phenyl, methyl, etc., 
shows that tibe order is 

> p-CH,C,H* > C,H, > CH, > H 

£^ld also that, in all these systems, X will take its portion 

**l^}acent to^^Jteast activating of the terminal groups.” The particu- 
type of htiad anion tautomerism, (X Y), discussed in the preoed- 
IMsnmraph would he formulated as follows: 

I «ad Chapmu, Atm. Rtfit. Chem. Soo. {Londm), 17,117 (1980). 
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:X:H H 

R:C:C::C:H 

• « 

H 


Removftl 
of :X: 


■> 


H H 

R:C:C::C:H 

H 


Shift of 


an electron pair 


H H H H 

• • •• Union with •• •• •• 

R:C::C:C — 7 : 7 —R:C::C;C:X: 
H H ■ ■■ H H 


It is to be noted that, in Whitmore’s formulation, the exchange of 

Y for X in either :A::B:D:X: or :X:A:B::D should lead to the same 

• • •••• 

products :Y:A:B;:D or A“BtD:Y: or to the same mixture of these 

•••• «• *••• 

two, since, regardless of which compound is taken, the reaction must 
proceed through the resonating pair of intermediates A: :B:D, A:B: :D. 


The eQuilibrium value of this resonance will determine the composition 
of the final product. 

That this is substantially correct was found by Young and Lane 
in their work on the conversion of crotyl alcohol and methylvinylcarbinol 
to the corresponding butenyl bromides under conditions preventing 
tautomerization of the bromides following their preparation. It was 
found that the equilibrium mixture of bromides expected on the basis 
of such a mechanism constituted from 88 to 97 per cent of the final 
product, the remaining product being the isomeric bromide correspond¬ 
ing to the alcohol used. The percentage of reaction proceeding by such 
a mechanism was determined by the activity of the hydrogen bromide 
in the solution and approached 100 per cent in dilute hydrobromic acid 
solution. The composition of the equilibrium mixture of bronoides was 
also markedly affected by the acid concentration. 

This interpretation of the electron changes which take place within 
these systems has the advantage of clearness, and of freedom from ab¬ 
stractness and variety of detail. It must be remembered, however, 
that here, as in other cases which have previously been discussed, such 
a mechanism tells one nothing of the effect of the group R on the ease 
of rearrangement. Herein lies its weakness, and for such information 
more experimental facts are needed. 

The electronic mechanism has been used to explain the Wagner re¬ 
arrangement of tert.-alkyIcarbinols. Ingold *“*■ uses the same prin¬ 
ciples of electron displacement as have been outlined above. A closely 
analogous interpretation has also been given by Rolanson,'“ in which 

Youag &nd Iaub, Aw. Chcm. Soe.^ 69, 205 (1937) ; 60, S47 (1038)* 

Ikurton and TngnM , J. Chem. Sac., 904 (1928); Ingold and Smith, ftW., 2752 (1931); 
a»ld Shoppe*. ihW-, 1199 (1929). t 

Robinson, and oo-workors, Soc- Ch^n, Ind*, 44^ 456 (1925); aT. Ohtfpt* Soc,, 161C^ 
.leid (1925); ibid., 401 <1926). 
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bis eaiiior tiieor^ involving partial valencies have been te&cpreased in 
terms of electronic displacements equivalent to the polar partial valency 
symbols previously used. The reaction studied by Wallis and Bowman “ 
may serve as an illustration of this transformation. In terms of an 
electronic mechanism based upon the principles of Jones, Stieglitz, and 
Whitmore, at least for that portion which gives rise to an optically 
active product, the reaction may be formulated in the following manner: 


H H 

/ / \ 

Ri OH Ri OH 


Rr-C—CH, 

I 

R« 


R*—C CHj 

\ / 

R. 


Ri 


\ 


OH 


.A 


I—CHi 

I 

R» 


It is to be remembered, as has been stated previously, that this mecha¬ 
nism implies that the hydrocarbon radical suppl 3 dng the hydrogen atom 
eliminated as water is not the radical which migrates to the adjoining 
carbon atom. In this respect it is in effect opposed to that of Ruxicka.‘*‘ 
There are instances, however, of this t 3 rpe of rearrangement in which no 
water is eliminated during the rearrangement process. The reaction 
studied by Wallis and Bowman is an illustration of the point under 
discussion. Therefore, it woxdd seem that an electronic mechanism 
based on the principles of Jones, Stieglitz, and Whitmore more nearly 
represents the true picture of the reaction process at least for that por¬ 
tion which gives rise to an optically active product. In terms of these 
concepts the reaction would be formulated in the following manner: 


Ri H 

R,:C :C:b:H 
R* H " 

Ri H 

Ri *0 iCsR| 

• • 

H 


Ri 


Ri H 

ReoioyRl ♦ • • • Bbtft of m ^ 

Ri’C tC electron pair 
• • ^ with group 

R» H 


of :0:H 


Ri H 

Union wita •• •• 

“7-n —* R»:C : C:E* 

•OiH or f • • • • 

■■ rtc.” H;0: H 

• • 

(:Cl:) 


of H|0 


or Ha 


Ri' H 

ww *• 

::C:Et or Ri:C :C:Ri 
' .. .. 

H H 

^ RnrieU, BOi. CMm. Am, 1.130 (lOlS); Rtuiekii tod Ii«bl, iML, «. 267 (1023); 
Sampto. Monatm M, 126 <1906). 
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Similar mechanisms have been propjosed by Whitmore •* to explain the 
nature of the products formed in the dehydration of other types of 
alcohols. 

An. electronic mechanism may be used with success to explain various 
other types of intramolecular rearrangements. For example, Ingold “ 
has recently studied the benzidine rearrangement, and has found it to 
be an intramolecular process. It is pertinent that brief description of 
his method be given. Two benzidine transformations were carried out 
in the same homogeneous solution. Two hydrazobenzene derivatives 
were selected which would undergo rearrangement at comparable speeds, 
and which were also of such a nature as to insure a benzidine conversion 
writhout a simultaneous semidine isomerization. It was found that, 
when mixed in equimolecular concentrations and allowed to rearrange, 
each acted independently of the other, and that no mixed benzidine 
was formed. From these results Ingold concluded that there was no 
separation of groups either as ions or as radicals. Before the nitrogen 
link is broken the paro-positions must come within each other’s sphere of 
influence. The rearrangement takes place within the molecule. He 
explains these facts on the basis of the following formulation: 



m 


This particular description of the reaction process has recently been 
criticized by Itobinson,'“ who points out that, if the complex (II) really 
were an intermediate, then such imine salts should readily hydrolyze to 
give phenols and ammonia, two products which have not been observed 
in this rearrangement. Moreover, when this formulation is applied to 
Pjp'-disubstituted hydrazobenzenes compounds of the type 



should be produced. This also never happens. Therrfore, Robinson 
proposes the foUowing: 

U» md Kidd, J. Chem. Soe., 984 (1933). 

"Presidential Address,” J. Chem. Soe., 220 (1941). 



1022 


ORGANIC CHEMISTRY 


1. Tint phue 



(a) ia a “full one-eleotron make 
or break of a covalency.’’ 

The arrows are displacements of 
very small extent relative to (a). 
(a) and (6) an irreversible. 


2. Second phase 


(a) Rjght'hand 
nucleus 



(gl anlonoid complex fi.e., electron donor). 



Electron donor 


These changes relieve the strain in the electromeiic system without re¬ 
versing the first phase and insure the preservation of the aromatic 
character of both nuclei. The simultaneous operation of both phases 
ccmstitutes a process of intramolecular oxidation and reduction which 
leads directly to the formation of the benzidinium salt (III). The hy- 
drazo group is reduced by the electrons which pass through the conduct¬ 
ing aromatic nuclei. The paro-positions at the same time lose two pro¬ 
tons and two electrons, and become oxidized. Robinson has also 
applied this mechanism to the semidine rearrangement and certain other 
mddation processes. 

The application of this concept to intramolecular rearrangements 
gives us an ex{danation of certain other interesting facts. In a study of 
certain intramoleolSar rearrangements involving optically active radi- 
mils, notably of the Curtius, Hofmann, and Lessen types, it has been 
ri|own that not only do» the optically active group maintain an asymr 
gae taic configurataon duriii^ the rearrangement but also that no appre- 
rac^zation occurs during such transfonnations. These facts 

fligri^cant in view of the ineeence of paitial or complete racenuaa- 
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tion always observed in the rearrangements of optically active pinacols, 
alkyl phenyl ethers, and fert.-alkylcarbinols. On the ba^ of an elec¬ 
tronic mechanism this difference in the optical stability of the tricovalent 
groups is to be expected. The electronic nature of the group containing 
the asymmetric carbon atom is different in the two classes of rearrange¬ 
ments. In the former case, according to the ideas of Stieglitz *»>*»•« 
and of Whitmore,** the rearrangement process involves a shift of an 
electron pair with its attached group. Thus at no time is the asymmetric 
carbon atom without its full quota of electrons. 


0 


0 


R:C:N:X 

Y 


R:C:N + X:Y R:N:C:o: 

.. • 

Ri 

R: = Rit:C: 

H 


In rearrangements of pinacols, and tert.-alkylcarbinols, however, the 
optically active group is deprived momentarily of an electron pair. 

Pinacol rearrangement of 3-phenyl-2-benzyl-l-naphtbylpropane- 
diol.1,2. 

H H H 

;6: ;6: :0:H 

C«HsCHs:( 3 : CrCioHv C«HsCHj:C:C:CioH7 + ;0:H 
C«H6 CHs ii CHsCoHs 


Bauransamcnt 


ofCiEtCHtt 


H 

: 0 : 

C 


H 

CiCioH? 


C«H,CHs CH,C«H6 


Ad<iition 

of:b:H 


Low of 

-) 

H.0 


H 
: 6 : 
> H:0:C 


H 

CiCmHt 


PKi4.i&llv raoemixod 


CeHsCHs CHsC.Hb 

0 C 10 H 7 

/ / 

C,H,CHrf3-CH 

CHsC,Hi 


TliCTcfore, its electronic nature is different and it should not be antici¬ 
pated, even though the migrating group is never free, as ^e of 

Wallis and Moyer “ have shown, that such a group with a sextet of 
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deotrons would have as great optical stability as one in which the 
aGymmetric carbon atom has at all tim% its complete octet of electrons. 

Eecent considerations of the Wolff rearrangement give further sup- 
post to these views. This reaction has long been regarded as analogous 

to the Curtius type of rearrangement, the shift of a —C—N<( fragment 

in the latter process being formally replaced by the fragment —C—C< 
Thus Arndt and Eistert have formulated the rearrangement as follows 


: 0 : 


H 


: 0 : 


H 


•• " Colloid«I *• •• 

R:C:C:N:::N; —:—^ R:C:C: + N, 


* o * 

S':: 

R:C:C:A <- 
H 


Ac 


H:A 


i 

H 

R:C::C:;6 


where A is OH~, OEt“, NHa", "NHCeHs, etc. 

Since the second step is regarded as involving a shift which leaves 
the radical R always in full possession of its electron pair, it is to be 
expected that on the basis of this formulation an optically active group 
will maintain its asymmetry throughout the process just as in the pre¬ 
ceding case. This conclusion is substantially in agreement with experi¬ 
ment. When R: = (C«H8)(CH3){n-C4H9)C: HA= HOH, CeHsNHa, no 
raoemization during rearrangement can be detected.^* Further, for 


R: 



, HA = HOH, CflHsNHc, no raoemization occurs. 


a result which is wholly in accord with the work of Wallis and Moyer 
on the Hofmann rearrangement, and which supports the intramolecular 
interpretation of both types of rearrangement. 

It is to be noted, however, that, when R: « (C!8H8CH2)(CH3)HC: 
HA «= HOH, CeHsl^s, complete racemization occurs, while for 
HA HKHa pi^id racemization results.^** These facts are surpriring 
considering that the stability of the same radical in rearrangement of 
Curtius type is very probably to be attributed to an enolization of 


^imAt Hid Bttert, JBw..«, 300 mm. 

IMW utd J. Ort. Chum., «, 443 (1041). 

ft* tUM, TVilkttii. WriaOmm. Hid Wallis,1,276 (1040). 
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H 0 H 

the intermediate CgHsCHj: C : C : C: facDitated perhaps by the silver ion 

CH, 

in conjunction with the catalytic ^ver surface always present in these 
reactions, i.e., 


H "o" H 

CgHjCHg : 0 :"o": C : 
CH, 


t 

H : 6 : - 
OJIsCH, : C : C 

CH, C : H 


+ 

+ 


I 


Ag 


rather than to any essential difference in the electronic behavior of the 
benzylmethylcarbinyl radical during the migration process. 

Before concluding this discussion of the electronic concept as an 
explanation of intramolecular rearrangements it is appropriate to con¬ 
sider its application to certain stereochemical problems which are in¬ 
volved in the chemistry of the isomeric oximes. Jones, Stieglitz, Lach- 
mann, and Whitmore, whose ideas have been discussed in the preceding 
paragraphs, have not applied their electronic concepts to problems deal¬ 
ing with the phenomenon of cis or trans elimination of radicals or of 
cis or tram migration of radicals in geometrical isomers. The ideas of 
Mills,however, are of special interest in this connection. 

It will be recalled that an easy method of converting benzaldoximes 
into the corresponding nitriles is by the action of aqueous sodium car¬ 
bonate solution on the acetyl derivative of the aldoxime. 

0 O 

/ / 

C6Hr-CH==N—O—C—CH, C.HsC^N -|- CH,C—OH 


With the aid of the tetrahedral model and of the electronic concept, 
Mills formulates this change as follows: 




Thus, it can be seen that the products are water, benzonittile, and the 
acetate ion. According to him the liberation of these components 
whidi are already present in the acetyl derivative constitutes a second- 

**• Minn, Chtmittrv d fnAatm, il, 766 (1932). 
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ary reaction and is the result of a direct action of the sodium carbonate 
solution. The primary reaction is the removal of a proton by the hy¬ 
droxide to form water. 

Mills describes the sequence of changes as follows; “Hie elimination 
of acetic add consists of a chain of three events, each dependent on the 
n^. The first is the removal of a proton. The second is the move¬ 
ment of the nitrogen nucleus to bring it into alignment with the phenyl- 
cailxxn valency. The third, which is the immediate consequence of the 
second, is the liberation of the acet-ion. 

“The determining factor which causes the unequal readiness of cia 
and trans elimination is the linear configuration of benzonitrile. The 
centers of the carbon and nitrogen atoms of the cyanogen group, and 
of the carbon atom of the phenyl group to which it is attached, lie in a 
straight line. The formation of benzonitrile therefore entails the move¬ 
ment of the nitrogen nucleus in the direction shown.” 

In discussmg this sequence of events Mills points out that in the 
acetates of imna-aldoximes this movement aids the liberation of the 
acetate ion since its direction is away from the acetoxyl group. In the 
acetates of the corresponding cts-aldoximes the movement of nitrogen 
atom does not give the acetoxyl group equal opportunity to escape as 
the acetate ion. Therefore, since each step in the chain of events is 
dependent on the next, it follows that in the acetates of the da-aldoximes 
the tendency to give up a proton to the alkaline solution is less. Conse¬ 
quently these acetates are less addic, and dehydration is more dificult. 
Thus, Mills’ application of the electronic concept leads to the conclu- 
don that the configurations formerly assigned to the aldoximes have to 
be interchanged. This is in agreement with the more recently discovered 
facts. 

Similar relationships hold for the ketoximes. The work of Meisen- 
helmer has shown that in the Beckmann rearrangement the radicals 
which migrate do not lie on the same dde of the CN group. Here, 
also, it has been necessary to interchange the configurations which were 
formerly given to these isomeric compounds. Mills has proposed an 
interesting explanation of how a fraTia-migration of the group occurs. 

In the preceding sections of this chapter the phrase “migraticm of 
the group” has often been used. Such terms are genmilly em^dcyed. 
Mills points out, however, that if isolated molecules are considered, 
and it is remembered that in nature moment of momentum is conserved, 
then it becomes obvious that very often most of the movement invdved 
j»,a rearrangement is not made by the group but by a particular atom;** 
JEdl the oximes it is nitit^n atom which probaUy undergoes dia- 
MiQa represents this change as follows: 

if jr 1 
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Enol Form of the Aolllde 

With the aid of such a diagram it may be seen at a glance that the tram- 
migration is much more probable. 

This formulation of the rearrangement process, however, is open to 
certain valid criticisms. It must be remembered that the argument of 
Mills, that the total moment of momentum for a molecule must be con¬ 
served in a reaction, is true only for a single molecule which is far away 
from other molecules and from the walls of the reaction vessel. In the 
presence of these other molecules no such principle holds, and therefore 
conclusions drawn from it have only accidental validity. Even for an 
isolated molecule the usefulness of this principle is very questionable, 
for if the only condition of rearrangement lay in conserving the total 
moment of momentum then it would be possible to bring about any 
kind of internal rearrangement one desired. Since this is not possible 
it would seem that a more fundamental principle is involved. 


APPUCATIOW OF THE MODERN THEORY OF REACTION RATES TO THE 
STUDY OF INTRAMOLECULAR REARRANGEMENTS 


It is now well established that the factor which in reality determines 
whether a molecule can or cannot undergo chemical reaction is the 
amount of internal energy which it pajssesses. In concluding this chap¬ 
ter it seems fitting to discuss briefly, in the way which has been found 
to be so effective in physical chemistry, the application of this principle 
to reaction processes. 

The chief data used by chemists in determining structure are the 
<ype reactions which the molecule undergoes. In the past the organic 
chemist has been satisfied with a knowledge of tlm configuration of 
stable molecules, that is, the relative portions of the atcans, and in some 
instances their interatcanic distances. This atuation, however, is now 


^Si^sgii^ rapadly, and at the present 


lime it is possible to understand 
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reactions in a way which was not posmble a very few years ago. One 
example will serve to illustrate the point. 

If, in addition to the relative positions of the atoms in a molecule 
and their distance apart, one also knows their vibration frequencies 
and the heat of reaction for a chemical process, it is now possible to cal¬ 
culate the equilibrium constant for the reaction. This has been done 
already for many organic molecules,and the procedure is becoming 
of increasing importance not only to those who wish to understand the 
fundamental principles of chemistry, but also to those who wish to 
apply them. 

The modem theory of reaction rates in the form proposed by Eyring,*** 
and applied by him and his co-workers to several reaction processes, 
proceeds along entirely similar lines. According to Eyring, even for 
very complicated reactions involving one or many molecules, “there is 
some stage (or stages if it be a chain reaction) which is slowest, and, 
therefore, is the rate-determining process.” He calls this stage the ac¬ 
tivated state, and the arrangement of the atoms in this state he desig¬ 
nates as the activated complex. Appl5Ting the principles involved in 
chemical equilibria,if one knows the distance between the atoms, 
their vibration frequencies, and the energy of the activated state as 
compared with the initial state, one can calculate the corresponding 
equilibrium constant K} for the activated complex. Since this complex 
decomposes at the rate kT/h, the specific reaction rate, k', for the reac- 
ti<m is ^ven by the equation 

^ ( 1 ) 


where the chance that a molecule has of decomposing by passing 
once through the activated state, and k, T, and h are Boltzmann’s con¬ 
stant, the absolute temperature, and Planck’s constant, respectively. It is 
at once obvious that smoe the activated complex has a mean life of h/kT 
which at room temperature is approximately 10“^® second it cannot be 
isolated and mcamined. Conversely, any intermediate compound which 
can be isolated c»nnot even remotely resemble the activated complex. 
If thia is true th^ any evidence about reaction mechanisms of molecular 
rearrangem^ts which is based upon isolated intermediate compounds 
must be examined very critically. 

Kaatel, J. Am, Chem. Soe., M, 13fil (1933); J. Chem. Phyt., i, 435 (1936); Smitb 
lilid Vaucitwa. ibid., a. Ml <1935), 

* Eyiiac, a, 107 (1936)4 Wyone-Jones and ibid., 8, 492 (1936). See, 

dllo, Belter and Wigser, Z* Chem,, UB, 446 (1932); Wigner, t&td., 19B, 203 (1932) ; 

aad Polaayl, Tran*. Fcraday See., U, 876 (1936). 

. I' Bl, and "Bydma, private etMnmunkation. 
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Since according to the theory of equilibrium 

K = e-A/’/sr = eA5/B.g-Afl/«r 

then we may write equation 1 in the form 

k'=^e -^ gAst/B. e- Afft/Br (2) 

h h 

where .^= 1 and AF^, A 5 * and Aff * are the standard increases in free 
energy, entropy, and heat content, respectively, when the activated 
complex is formed from the reactants. AH^ can thus be obtained from 
the relation 

AH^ = R'T - RT [differential form of ( 2 )] 

AH^ and k' being known, AiS* can be evaluated. 

It is possible in principle to evaluate AH^ and AS* from spectro¬ 
scopic data, but, except for a few simple reactions, such a procedure, 
which is quite laborious, is not at present satisfactory. The present 
usefulness of equation 2 in organic chemistry, therefore, lies more di¬ 
rectly in the study of reaction mechanisms. It is also to be pointed out 
that, for a system which may undergo either of two (or more) reactions 
resulting in different sets of products, it is frequently true that AS is 
nearly the same for each reaction. This means that the values of k' 
for the two possible reactions k'^ and k's which determine the relative 
yields will depend on factors which affect the values of AH for the two 
reactions. 

Recently Ri and Eyiing have studied the general problem of the 
nitration of monosubstituted benzenes from this point of view. They 
accept the general explanation usually advanced in modem oi^anic 
chemistry as to why some substituents are ortho- and poro-orienting 
while others are meta-orienting. It is to be recalled that this general 
explanation involves the following two assumptions, (o) By induction 
and resonance ^ects an ortho- paro-orienting substituent makes the 
electron density on the corresponding carbon atoms greater than that 
on the »»efa-carbon atom. A meta-orienting group acts in the opporate 
manner. (6) Substituting agents are electrophilic, i.e.,‘*® efectron-seek- 
ing, because of this positive nature. Because of this they react most 
easily with that carbon atom which is surrounded by the greatest numr 
ber of electrons. 

If this explanation is correct then the percentage yields of ortho-, 
tnetor, and pam-compounds, which of course are proportional to the 

Ri and Esrring, J. Chem. PKyt., 8, 433 (1940). 

Ingdd. jr. Chem. Soe., 1120 (1988). 
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correaposding reaction rates, should provide a mesiM of determining 
the charge distribution, and hence should permit calculations of the 
dipole moments of such molecules from rate data alone. If the moments 
so calculated agree with those observed experimentally the above ex¬ 
planation of the orienting power of substituents would have a more sub¬ 
stantial basis, and consequently assuipption (b) could be formulated 
more precisely. Conversely, one could also calculate with justification 
the relative rates of substitution in ortho-, meta-, and paro-positions 
solely from dipole moments. 

By making certain assumptions Hi and Eyring have done this 
in the case of the nitration of certmn monosubstituted benzenes. By 
means of the same treatment of the problem Steam, Hi, and Eyring “* 
have also been able to throw light on mechanisms involved in molecular 
rearrangements. It is fitting at this time to discuss such processes from 
this point of view. The pinacol and Hofmann rearrangements may be 
chosen for illustration. 

These investigators are of the opinion that there are two possibilities 
for the mechanism of the pinacol rearrangement. Either the hydroxyl 
group may first be removed, followed by the breaking of the bond hold¬ 
ing the migrating radical, or else the two bonds in question break in the 
reverse order. It seems the more probable that one of the C—OH bonds 
breaks first. For symmetrical pinacols the two C—OH bonds are 
equivalent. Therefore, each bond has the same probability of rupture. 
If such a rupture is the first process then the “migration aptitude” of a 
particular group will have a significance independent of the molecule 
as a whole. On the other hand, for unsymmetrical pinacols the nature 
of the groups will determine largely which of the two C—OH bonds 
wSl break the more easily. As a r^ult any relative migration aptitudes 
of these groups will depend on their arrangement as well as on their 
individual properties. In the more idealized type cases Eyring and his 
co-workers have pictured more definitely the mechanisms for the sym¬ 
metrical and the muymmetrical pinacols. Taking for the purpose of 
illustration a mcdecule in which the groups Ri and are of such a 
nature that Ri is distinctly more electrophilic than Rj state that 
for the unsymmetrical pinacol 



OH OH 


Ri 

Ri 


^linoe Ra is the stronger electron donor, the carbon to which it is at- 


I and Ryrtnc. tuimlilidiad twulti. 
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tached will have a weaker bond to its oxygen atom than will the other 
carbon, and thus as a net result, Ri will migrate predominantly.* If 
the Rj groups are different but both more electrophilic than then 
the relative amounts of Ri groups migrating will depend on the indi¬ 
vidual ‘migration aptitude.’ It is seen that such a mechanism does not 
preclude the possibility of some migration of R2 groups. The given 
conditions merely assume that the migration of Ri groups predominates. 


“For the symmetrical pinacols. 


/Ri 

>C-c/ 

/l -}\R2’ 


R: 


each C—OH bond 


OH OH 


has an equal chance of breaking, and the end result will be the same 
whichever bond breaks. When the OH splits as an ion at the p>oint indi¬ 
cated by the dotted line, taking with it a proton from the other OH to 
form water, this will leave a negative charge accumulated on the carbon 
atom which retains its oxygen, so that now R2, being less electrophilic 
than Ri, will migrate predominantly. Thus, it will happen frequently 
that in a symmetrical pinacol one group migrates predominantly whereas 
in the unsymmetrical isomer another group undergoes the change.” 
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bitroductioa. From the time that the student of organic chemistry 
reads an elementary textbook until the day that his contact with the 
science is broken, he will be under the necessity of comparing the chemical 
behavior of substances having the same or similar functional groups. 
The number of carbon compounds is so large and so many of them have 
similar reactions that he finds it convenient to relate certain types of 
reaction to certain structures or functional groups. In particular, he finds 
that the principle of homology enables him to group together large num¬ 
bers of compounds which behave similarly under specified conditions. 
However, he realizes as he progresses beyond the most elementary stage 
that not even homologs show identical reactions, and isomers may even 
show qualitative as well as quantitative differences in behavior. He 
thus is driven to make comparisons in the chemical behavior of sub¬ 
stances having similar functional groups. It is the purpose of this chap¬ 
ter to give an analysis of the methods whereby the chemical reaction of 
compounds may be compared and to note some of the simpler relation¬ 
ships of structure and chemical reactivity. An attempt will be made to 
define what may be meant by a statement that compound A is more 
“stable” or “reactive” than compound B, or that radical A is mote 
“negative” or “positive” than radical B. 

Bridgman in his book “The Logic of Modem Physics” develops 
the thesis that “physical concepts have meaning only in so far as they 
can be defined in terms of operations.” Langmuir ‘ in his presidential 
address entitled “Modem Concepts in Physics and Their Relation to 
Chemistry” before the American Chemical Society refers to the impor¬ 
tance of Bridgman's thesis and discusses its relationship to chemistry, 
for “Science” might well replace “Physics” in the title of Bridgman’s 
book. Langmuir states that “The progress of modem science depends 
largely upon (1) giving to words meanings as precise as possible; (2) 
definition of concepts in terms of operations; ( 3 ) development of models 
(mechanical or mathematical) which have properties analogous to those 
of the phenomena which we have observed.” 

The present chapter is an attempt to illuminate steps 1 and 2 of 
this program so far as it applies to the comparison of the chemical re¬ 
activity of organic compounds, for in perhaps no other group of phe¬ 
nomena is it more necessary that a statement of comparismi be linked 
to the operation by means of which the experimental data underlying 
the statement were obtained. 

A comparison of the chemical reactivity of two ot mrae compounds 
may be made (A) in a system that is at equiliteium or (B) in a system 
that is not at equilibrium. These two aspects of tiie {Sfoblcm have 
^ Aw* Chem* Soe,i #1, 2847 (192V). 
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been variously characterized as “affinity and rates/’ “point of equUib- 
rium and degree of mobility,” “extent and speed." The tenninology 
is relatively unimportant, but the realization of a fundamental difference 
betvneen the two groups of phenomena is of primary significance. Com¬ 
parisons the former type are limited to reversiUe reactions which 
under the conditions of study result in reaction mixtures containing 
calculable or measurable quantities of all the reactants. Such com¬ 
parisons have been made, for example, for the strength of arids and of 
bases, the ester and acetal reactions, the dissociation of the hexasub- 
stituted ethanes, the enolization of diketones and keto esters, the 
addition of hydrocyanic acid to aldehydes, the isomerization of unsatu¬ 
rated compounds, the rearrangement of halides, and the reduction of 
quinones. 

The rate aspect of the problem of the relationship of constitution 
to chemical reactivity logically is divisible further into three sections 
because of the differences in the operations which must be resorted to 
in making the comparisons. In the first t3T)e of experimentation (Bj), 
rates are measured imder identical conditions for the members of a 
group of compounds. In the second type of experimentation (B2), the 
severity of the conditions necessary for bringing about a given trans¬ 
formation is determined for the compounds to be compared. In the 
third type of experimentation (B3), the relative rales of simultaneous or 
competitive reactions are determined (for each of the compounds to be 
ccunpared) under a standard set of conditions; actually the amounts of 
the products obtained from each compound are usually determined and 
compared with each other or with the amoimt of the original compound 
which underwent reaction. 

Comparisons of the relative chendcal reactivity of substances based 
upon tl^ rates of reaction might be carried out on any reaction, irrespec¬ 
tive of whether it were reversible or irreversible, and, in fact, many such 
(xmiparisons have been made. The illustrations of such comparisons 
given below are selected because of the care and completeness evidenced 
in the study, and perhaps because the author of this chapter was par¬ 
ticularly interested in the results. Many equally meritorious pieces of 
work have been omitted because of the lack of space. 

Streiig& of Adds and Bases. The most extensive comparisons with 
respect to the relation of rtnicture of organic compounds to their cbemi- 
Cfl behavior in a reversible reaction have been those which were con- 
flamed with the strength of o:^nic acids and bases. 

I The resulting data are so voluminous that no attempt will be made 

present them here. However, the range in the str^igth of <«ganic 
is much greater than would be indicated by the measuremehts 
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made m ■water solutions, on which most computations are based. Con- 
ant * has pointed out that the typical aliphatic carboxylic acid is per¬ 
haps 10*® as strong an acid as triphenylmethane yet acetamide in acetic 
acid is 10® as strong as acetic acid in water solution. 

Conant and Wheland * made a comparison of very weak acids by a 
no'vel method (p. 533 ) which took ad'vantage of the partition of Na"*" 
or K+ between the acid radicals, i.e., RH + R'K?=iRK + RH. If a 
given R gives up hydrogen to R' then R is more addic, i.e., negative, 
than R'. The exchange was carried out in ether between selected pairs 
of compounds from a group of eleven weak acids. Whether an exchange 
bad taken place between a given pair of compounds was determined by 
the color changes in the ether solution or by carbonating the metallic 
compoimd after an opportunity for exchange had been aUowed. The 
carboxylic acid so formed could then be isolated and characterized. As 
a result of these comparisons Conant and Wheland concluded that the 
order of increasing acidity of the compounds studied was as follows, 
the acidic hydrogen being starred: 


C«H»CH(CHs)j < (C6H5)2C==CHCH, < (CsHslsCHj < (CdHsIjCHCioH, < 

(CdlilaCH < (C.H5)2CHC6 H«C*Hu < OCC.HdjCHj < 

OH 


I VhC,Hs < CjH/ • 7CH < CtHsC^H < CeH50=CH2 
c,h/ ^CHj/ 


Equilibria in Reaction of Hydrociwiic Acid with Aldehydes and 
Ketones. Lapworth and Manske * determined the concentrations of 
hydrogen cyanide at equilibrium in the formation of cyanohydrins from 
aldehydes and ketones (p. 646 ), i.e., > 0=0 + HCN ^ > C(OH)CN. 
A consideration of the procedure which they followed and of the pre¬ 
cautions which they took is instructive. The reaction was earned out 
at 20 ® in alcohol (96 per cent CaHsOH, 4 per cent H2O) in the presence of 
tripropylamine as a catalyst. Nitric acid was added to neutralize the 
catalyst after the completion of the reaction and before the uncombined 
hydrogen cyanide was estimated by addition of a standard solution of 
silver nitrate. The soluble silver was then estimated by titration. 
The quantity of catalyst ( 0.14 miUimole) was small in proportion to the 
quantity of reactan'ts (approximately 10 milUmoles), thus insuring that 
e'ven though the catalyst combined with one of the reactants the effec¬ 
tive concentrations at equilibrium would be but little modified. It was 

* ConOBtf Ind, Sng^ CAem., 466 (1932). 

^ Ocmui.'t Xwt. CltwH. iSoc., B4« 1212 (1932). 

* l4k|;^wortk oo-workera, J . Ckcm. Soc,^ 2533 (1923); 1976 (1936^« 
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aBcertained that variatioiis in the concentration of the catalyat did not 
affect the concentration of cyanide at equilibrium. That a true equi¬ 
librium had been attained was shown (a) by the fact that the same 
concentration of cyanide was found after 0.5 hour as after a day, and 
(t>) by the fact that the value of the equilibrium “constant” was inde¬ 
pendent of the concentrations of the reactants. 

Lapworth and Manske note that “It is evident that errors arising 
out of inaccurate measurements of the concentrations entering into the 
formula for the equilibrium constant are proportionately greatest when 
any of the three concentrations becomes very small, and this tends to be 
the case if the cyanohydrin has either a very low or a very high dissocia¬ 
tion constant, the former being particularly unfavorable for accuracy. 
These considerations were always kept in mind while deciding the best 
ranges of concentration and proportions of constituents to be taken in 
the series of measurements made with each aldehyde and ketone 
examined.” 

It may be of interest to note in connection with the tabulation of 
results that an aldehyde or ketone having a value for K less than 0.1 
(10 as tabulated) has a per cent conversion to the cyanohydrin of greater 
than 90 per cent when equimoiecular amounts of carbonyl compound 
and hydrogen cyanide are allowed to react. The per cent conversion to 

TABLE I 


EffbCt of Sobstituknts on the Extent of the 
Reaction of Htdrooen Cyanide with Derivattves 
or Benzauiehyde 


Substituent 

X X 10* 

AF (kcal.) 

None (99%) 

0 47 

-3.1 

o-Nitro 

0 07 

-4 2 

m-Nitro 

0.27 

-3 4 

p*Nitro 

1 81 

-2 3 

o^hloro 

0.10 

-4.0 

t?t^hloio 

0 26 

-3.6 

p-Chloro 

0 49 

-3 1 

o-Methoxy 

0.26 

-3.6 

m-Methoxy 

0 43 

-3.2 

y-^i^xy (97%) 

3.12 

-2.0 

1.67 

-2.4 


0.48 

-3.1 


7.66 

-1.6 

^MUsthy] 

o.eo 

-3.0 

^Methyl 

1.08 

-2 7 

2>Me-4-MeO 

2.00 

-2.8 

3-Me^MeO 

3.82 

-1.9 

(71%) 

89.00 

-0.6 
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TABLE n 

Efvsct of StTBSTiTncNTS m EjiTONse ON THE Extent 
OP the Reaction of the Ketone with HCN 


R 


CHiCOR K X 10» 

Af (kcal.) 

Methyl (97%) 

S.OS 

- 2.0 

Ethyl 

2.65 

- 2.1 

Ti^Propyl 

3.56 

-1.9 

n-Butyl 

3 20 

-2 0 

Isopropyl 

1.56 

-2.4 

ter<.-Butyl 

3.10 

- 2.0 

Benzyl 

2.15 

- 2.2 

/S-Phenylethyl 

3 50 

-2 0 

■y-Phenylpropyl 

3.60 

-1.9 

C«H»COR 

Methyl (46%) 

130 

- t - 0.2 

Ethyl 

60 

-0.3 

n-Propyl (55%) 

go 

-0.05 

n-Butyl 

115 

+0.1 

n-Amyl 

130 

- 1 - 0.2 

n-Hexyl 

145 

+ 0.2 

Isopropyl 

25 

-0 8 

Isobutyl 

165 

+0.3 

Isoamyl 

155 

+0.3 

Isohexyl 

125 

+ 0.1 

fert.-Butyl (91%) 

9 

- 1.4 

Cyclohexyl 

40 

- 0.6 

Phenyl 

No reaction 

Cyclic KeUmet 

Cyclopen tanone 

1 49 

-2.4 

Cyclohexanone 

0.09 

—4.1 

2-Methylcyclohexanone 

0.06 

-4.3 

3-Methylcyclohexanone 

0.30 

—3.4 

4-Methylcyolohexanono 

0.13 

-3.9 

Cycloheptanone 

7.96 

— 1.6 

Menthone 

6.64 

— 1.6 

8-Me-2-MO-Pr-cyclohexanone 

i»-Hydrindone 

610.0 

+ 1.1 

a-Ketotetrahydronaphthalene 

806.0 

+ 1.0 

Fluorenone 

146 

+0.2 

Camidior 

No appreciable reactiim 

Anthroiw 

No appreciable reaction 

Xsntbone 

No appreciable naction 
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cyanohydrin of several carbonyl compounds with an equimolecular 
amount of hydrogen cyanide has been indicated in parentheses in the 
tabl^. The quantity K is the dissociation constant of the cyanohydrin 
into carbonyl compound and hydrocyanic acid; therefore, the higher 
the value of K the less the extent of the ssmthetio reaction. 

A consideration of the data on the derivatives of benzaldehyde indi¬ 
cates that the substitution of a nitro, chloro, or methoxy group in the 
or/Ao-position to the aldehyde group increases the stability of the cyano¬ 
hydrin as compared with benzaldehyde. The nitro, chloro, methoxy, 
hydroxy, and methyl groups have little or no influence in the meio- 
position; m the para-position all (except chloro) exert a markedly nega¬ 
tive influence upon the stability of the addition product. The dimethyl- 
amino group in the paro-position greatly decreases the stability of the 
cyanohydrins. 

The data on the methyl ketones indicate that with the exception of 
the isopropyl group there is relatively little difference between methyl, 
ethyl, ft-propyl, isopropyl, n-butyl, benzyl, phenylethyl, or phenyl- 
propyl. The affinity of these ketones for the addition of hydrogen 
cyanide is markedly lower than in the case of acetaldehyde and benzal¬ 
dehyde. The phenyl ketones show a very low affinity for the addition 
of hydrogen cyanide, the ultimate effect being noted with diphenyl 
ketone which did not add hydrogen cyanide to an appreciable extent. 
The most striking fact brought out by these data on the phenyl ketones 
is that phenyl isopropyl ketone and phenyl /ert.-butyl ketone have the 
highest affinity for addition of hydrogen cyanide of any of the ketones 
studied. This is surprising because the secondary and tertiary alkyl 
radicals are in several reactions more like the aryl radicals than are the 
primary alkyl groups. 

The data on the cyclic ketones apparently show that the cyclopen¬ 
tane ring increases aflinity for hydrogen cyanide addition as contrasted 
with the corresponding open-chain ketone, while the cyclohexane ring 
materially increases further the tendency for addition of hydrogen cya¬ 
nide. The seven-membered ring in cylcoheptanone shows a low stability 
of the cyanohydrin while the other cyclic ketones studied show a very 
much lower aflB^ty for addition of hydrogen cyanide than would sat¬ 
urated openw^in wwnpoiindw. 

Oxidatioait'l^teflalB. The relative strengths as oxidizing agents of 
many quinoal^^ve been determined. The strength of a quinone as 

oxidiringr^isent is usually expressed in volts with reference to the 
p|>tential cl' Ihe normal hydrogen electrode. Tlie larger the value of 
“oxidation” or “oxidation-reduction” potential of a quinone the 
powerful is the quinone as an oxidiring agent. The reduction of 
to a hydrbcpunone is a strictly reversible process, apd 
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aqueous solution containing appreciable quantities of the two substances 
and a fixed hydrogen-ion concentration establishes a definite and ac¬ 
curately determinable potential at a platinum electrode. The values 
for typical quinones are; diphenoquinone 0.95, p-benzoquinone 0.71, 
1,4-naphthoquinone 0.48, and 9,10-anthraquinone 0.15. 

These four quinones differ very greatly from one another as oxidiz¬ 
ing agents. For example, if equimoleeular amounts of p-benzoquinone 
and 1,4-dihydroxynaphthalene were allowed to react there would be at 
equilibrium only one molecule of p-benzoquinone for approximately 
10,000 molecules of 1,4-naphthoquinone. 

The simple ketones and aldehydes appear to be somewhat similar 
to 9,10-anthraquinone as oxidizing agents.® Their oxidation potentials 
cannot be ascertained by direct measurement at a hydrogen-platinum 
electrode, but the values can be calculated from the concentration at 
equilibrium in such a system as 

RsCO -I- RiCHOH *=± R 2 CHOH + R4CO 

where R 2 CO is anthraquinone, for example, and R 2 CO is the ketone 
whose oxidation potential is desired. The equilibriinn may be estab¬ 
lished in the presence of aluminum fcri.-butoxide at 60 to 80°. By this 
method, the oxidation potential of benzaldehyde was found to be 0.20, 
cyclohexanone 0.19, acetone 0.16, and camphor 0.11 volt. 

Heats of Hydrogenation. The relative reactivity of a series of 
compounds from the thermodynamical standpoint may be measured by 
means of the concentrations at equilibrium, as illustrated above for the 
addition of hydrogen cyanide, or by the determination of the potential 
set up at an electrode as in the case of the quinones. Another method 
of measurement depends upon a knowledge of the heats of reaction 
coupled with the use of the heat capacities of a series of compounds and 
the third law of thermodynamics. 

One of the most precise and significant studies in relative reactivity 
by the latter method is that of Kistiakowsky and his associates.* They 
measured directly the heats of hydrogenation of many compounds by 
carrying out the reaction catalytically in a calorimeter. The following 
comparisons are stated in terms of — AH at 355° K in kilogram calories. 
The values for ethylene, but«ie-l, and butene-2 are 32.6,80.3, and 28.0, 
respectively, thus indicating the decrease in — AH with increase in sub¬ 
stitution. A double bond in conjugation also decreases the value of 
~AH. For example, the hydrogenation of one double bond in butar 
diei^l,3 gave a value of 26.7, while the value for but^e-1 is 30.3. 

^Iand AdMns, J . Awv. Chem-M Soc.. SS, 3305 11040), 

, Kjatiakowalcy ol., iWd., 61. 1868 (1939). 
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The most strikiiie observation was that the value of — MI for the addi¬ 
tion of one mole of hydrogen to bensene was +5.6. That is to say, the 
saturation of the first double bond in benzene is an endothermic reaction. 
The value of —MI for the second step in the hydrogenation of benzene 
is —26.7, while the third step gives a value of —28.6. 

The data given above are intended merely for illustrative purposes 
since the original papers (1935 to 1939) are so valuable that they should 
be read by anyone interested in the relation of structure to the reactivity 
of the carbon-to-carbon double bond. 

Equilibria in Enolization. Conant and Thompson ^ have augmented 
in a very significant way our knowledge of the relationdbip of structure 
and the extent of enolization of /S-keto esters and jS-diketones. They 
“measured directly the equilibrium between a keto and an enol isomer 
in the gaseous phase (at low pressures), and thus obtained the free 
energy referred to the gaseous state (AF° •= — RT In K). 

“Since the in tereon version of the two isomeric forms does not pro¬ 
ceed directly in the gaseous phase, it “was necessary to use the liquid 
phase as a go-between, as it were. This was accomplished by keeping 
an equilibrium mixture of the keto and enol forms at a pven tempera¬ 
ture and measuring the composition of the vapor in equilibrium with 
this mixture. Chemical and physical equilibrium conditions were as¬ 
sured by introducing a small amount of solid barium hydroxide as a 
catalyst and agitating the liquid sufficiently to keep renewing the sur¬ 
face in contact with the gas phase. The composition of the gas phase 
was determined by withdrawing it at very low pressure (without con¬ 
densation) to a non-catalytic receiver at — 80° C. where it was condensed 
without isomerization. It was then analyzed by the usual bromine 
titration method. The results are summarized in Table III. 

“A study of the data shows that the regularities in the free energy of 
enolization referred to the gaseous phase are for the most part lacking 
when the liquid-phase value of A is employed for calculating AF. 
Thus, the large diff^^ce between aoetoaoetic ester and its alkyl deriva¬ 
tives (including benzyl) is masked by the disturbing solvent effects 
which here are of the order of 1 kcal. In the series of alkyl derivatives 
themselves, the ^ueous-phase results show the essential rimilarity of the 
etiiyl, n-propyl, »i-butyl compounds (AF »» 1.2 ± 0.1 kcal.), and thrir 

d^nite but sli^ dlff<ra«noe from the isopropyl derivative (AF « 1.6 
keal.). It is interesting that the free energy of enolization, as determined 
a ffihite hexane solution, paraUds the ^seous result closdy. If 
fiziher investigatitm shows that this is true for a large variety of sub- 
fliiiffiem, it would be a matter of some practical u ^ aa 

Tbrnpim M,484« (W88). 

‘k 
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TABLE III 


Extent of Enolization 
(Conant and Thompson) 


Substance 

Gaseous State 

Pure Liquid 

In C*Hi4 (0.1 AO 

%Enol 

AF 

%Enol 

AF 

% Enol 

AF 

CHaCOCHjCOjCHa. 

64 

-0.1 

6 

1 6 



CHsCOCHjCOjCjHs. 

46 

0 1 

8 

1.6 

49 

0.0 

CH3COCH(CHj)CO!!C2Hb. ... 

14 

1 1 

4 

1.9 

11 

1.1 

CHKX)CH(CjHt)COiC5HB.... 

10 

1.3 

3 

2 1 

14 

1.1 

CHsC0CH(n-C*H7)C02CjH6... 

13 

1.1 

7 

1.5 

14 

1.1 

CHsCOCHCmo-CsHtICOiCjHb . 

6 

1.6 

6 

1.8 

6 

1.6 

CHjCOCH(n-C4H9)COjCsH6.., 

14 

1.1 

6 

1 6 

10 

1.3 

CH*COCH(«ee.-C4H9)C02C2Hj. 

9 

1.4 

8 

1.4 

9 

1.3 

CHsCOCH(Cai6)COjC2HB... 

80 

-0.8 

30 

0.5 

67 

-0.4 

CH9COCH(CH2C«H6)C02CiH6 

12 

1.2 

5 

1.8 

12 

1.2 

CHjCOCHjCOCHj. 

92 

-13 

78 

-0 7 

92 

-1.3 

CHjCOCHCCHalCOCHj. 

44 

0.1 

30 

0.5 

59 

-0,2 

CH3COCH(CjHj)COCHs. 

35 

0.3 

26 

0,6 

26 

0.6 

CH 900 CH(CHsC»Ht)C 0 CHj.. 

70 

-0.6 

61 

-0,25 

68 

-0.5 

CHCCOsCHa)*. 

12 

1.2 

1 

2.6 



CsHbCOCHjCOCHj . 



99 * 




C8U6COCH(CH,)cbCHi.. 



6 * 




C9H*COCH9CC)C»Hs 



100 • 




C»H»COCH(CHs)c6c*Hb. 



0 • 





* These values are from other sources. 


importance, as there are a number of compounds which cannot be well 
studied by the gaseous-phase method. As those famihar with Kurt 
Meyer’s work know, hexane is the solvent which most favors enolization. 
One may suppose that in this solvent we are most closely approaching 
the gas condition, as the mutual attractions of the keto and enol forms 
are diminished by dilution, and the saturated hydrocarbon has but 
slight molecular attractive forces.” 

Equilibria and Rates in Three Carbon Tautomsdsm. Among the 
most important and interesting studies on chemical reactivity are those 
having to do with the relationship of structure to the rate and extent of 
reaction in three carbon tautomensm (p. 1018); 



E. P. linatead has been so kind as to summariae in Table IV some of 
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TABLE IV 


Mobiutt Ain> EornuBiuA nr Threb Carbon Tautouerism of Curtain Acids, 

Ctanidxs, and Esters 

_(Compiled by R. P. Linstead)_ 


Name of a,fi- 
Compound 

a 

Substituents 

P y y' 


Mobil¬ 
ity or 
Rate 

Observers 




Acids (X - 

COsH) 



Crotonic. 

H 

H 

H 

H 1 

98 

V. high 

L. and Noble* 

n-Pentenoic.j 

H 

H 

Me 

H 

68 

9 8 

L. and Noble 

n-Hexenoic. 

H 

H 

Et 

H 

74 

6.0 

L. and Noble 

a-Methylpentenoic. .. 

Me 

H 

Me 

H 

81 

7.0 

Goldberg and L *. 

a-Metbylhexenoic... j 

Me 

H 

Et 

H 

89 

18 8 

Kon, L., and Mac- 








lennan “ 

d*Methylpentenoic. .. 

H 

Me 

Me 

H 

38 

0 69 

Kon, L., and Wright" 

•y-Methylpentenoic. .. 

H 

H 

Me 

Me 

22 

4.6 

L.i* 

3-Ethylpentenoic. 

H 

Et 

Me 

H 

21 

0 64 

Kon, Leton, Parsons, 








and L.‘* 

7 -Ethylpentenoic.... 

H 

H 

Me 

Et 

22 

3 1 

L. and Mann ’* 

a,d-I&nethylpentenoic 

Me 

Me 

Me 

H 

72 

0 12 

Kon, L., and Mac- 








lennan ** 

o-Methyl-d-ethylpen- 

Me 

Et 

Me 

H 

60 

0.0068 

Kon, Leton, L., and 

tenok. 







Parsons 



Cyanides (X 

= CN) 



Bdtenoic. 

H 

H 

H 

H 

CO 98 

V. high 

Letch and L.** 

n-Hexenoic. 

H 

H 

Et 

H 

86 

930 

Letch and L. 

d-Methylpentenoic...: 

H 

Me 

Me 

H 

CO 99 I 

V. high 

Kandiah and L.‘* 

7 -Methylpentenoic. .. | 

H 

H 

Me 

Me 

21 

170 ' 

Letch and L.‘* 



Ethyl Esters {X 

* COaEt) 


n-Hexenok. 

H 

H 

Et 

H 

CO 92 

163 

Kon, L., and Mac- 







1 

lennan '** 

ofMethylhexenok_ 

Me 

H 

Et 

H 

96 

161 

Kon, L., and Mac- 








lennan 

d-Methylpentenok... 

H 

Me 

Me 

H 

76 

26 

Kon, L., and Mac- 








lennan 

y-Methylpentenok... 

H 

H 

Me 

Me 

ca 10 

high 

L." 

a,d-Dimethylpentenok 

Me 

Me 

Me 

H 

94.6 

2 

Kon, L., and Mac- 








lennan *® 


' Linstesd and Chem. Soc., 614 (1934). 

* Goldberg and Linstaad, M4., 2343 (1828). 

Kon, Lisstead, and Marfwman, ibid., 2432 (1882) 

» Kon, Unstead, and Wiiidtt, (bid., 696 (1934). 
;»UnsteAd, &id.. 1603 (1030). 

'> Kdn, Leton, litMtead. and Fanons, ibid., 1411 (1031). 
Uiutead and Mann, ibid., 2064 (1030). 
ladcli and Unatead, ibtd., 443 (1832), 

| and Unatsed. 2138 (1828). 

Und., 2498 (1929). 
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the more significant numerical results of these studies which have to do 
with the behavior of acylic compounds where X is COO“, CN, or 
C02Et. 

The acids were equilibrated in aqueous solution in the presence of 
excess alkali at 100°.** The cyanides and esters were equilibrated in 
an alcoholic solution using sodium ethoxide as a catalyst at 25°.** 
The analj^ical method was that described by Linstead and May and 
depends upon the difference in the ease of addition of iodine to alk^e 
linkages in the 0,y- as contrasted with those in the a,/3-position. 

The data in the table make it clear that at equilibrium imsubsti- 
tuted acids exist almost entirely in the a,/3-form. One y-substituent 
is essential to give some fi,y stability whUe a second y-substituent ms&es 
the /3,y-un8aturated compound the major component of the equilibrium 
mixture. /3-Substitution favors the /3,y-phase but not so pK)werfully as 
does Y-substitution. The general effect of the position of substituents 
upon the proportion of the tautomers is the same in the three types of 
compounds investigated. However, in certain cyclic acids the /3j7-form 
is favored, e.g., 85 per cent /3,y for cyclopentylideneacetic acid, 88 per 
cent for cyclohexylideneacetic acid, and 67 per cent for cycloheptyl- 
ideneacetic add. 

/S- and y-substituents have much the same effect in ketones as in 
acids and esters, but an a-alkyl group causes not only a great diminution 
of mobility but also a pronounced shift in equilibrium towards the 
/3,y-forra. The cyclic ketones show remarkable differences; for example, 
Kon observed 77 per cent a,/3 for cyclopentylideneacetone, 23 per cent 
a,/3 for cyclohexylideneacetone, and 40 pter cent a,P for cycloheptyli- 
deneacetone.** 

There Is little or no correlation between the rate of tautomerization 
(mobility) and the extent of the reaction. Alkylation on the /3-carl»n 
decreases the mobility, while a-alkylation produces an enormous slowing 
in an already heavily alkylated system but not otherwise except in the 
ketones. It should be noted that certain ^-alkylated substoces show 
an exceptionally high mobility in acid but not in alkaline media. This is 
attributed by Linstead to the readily reversible addition of acid anions 

to a carbon atom of the type R 2 C=- 

Unsaturated acids tautomerize in the absence of added reagents at 
temperatures near their boiling points “ by what appears to be an 
intramolecular reaction.* Special precautions must be taken m order 
to inaure that a preparation of an unsaturated compound is homogeneous 


LiinatMdf J* C/wwi* jSoc., 2679 (1927). 

« Kon and 1269 (1929). 

toatead and May. 2666 (1927). 

Kon» 1816 (1930): Ann, R^pte. CHem. Soc, {London)t 188 (1980)* 



1044 


ORGANIC CHEMISTRY 


8 &d not a mixture of tautomers. During the period of equilibration 
it is necessary to guard against the formation of lactones, etboxy esters, 
and other products. 

Shoppee ^ has studied the effect of substituents in the diarylpropene 
and diarylmethyleneazomethine series. 

RCeHiCH^CH^-CHjPh RCeH^CH*—CH==CHPh 

RC#H«CH—N—CHsPh ?=i RCBH 4 CHrT-N=CHPh 
I ' ri 

With respect to the mobility of these systems he “has shown that the 
variants R in either the tn- or p-position fall into the serial order 
Me 2 N < Me < MeO < I < Br < Cl < NOa, which is also the order 
of the dipole moments (Chapter 23) of the compounds R—C 6 H 4 —.” 
The mobilities of the six halides were similar, 6.8 (m) to 10.7 (p), the 
methoxyls 0.6 (m) to 2.5 (p), the methyl 0.3 (»i) to 1.1 (p), and the 
dimethylamino 0.05 (m) to 0.6 (p) for methyleneazomethine series. 
With respect to the proportion of the isomers at equilibrium, Shoppee 
foxmd that the percentage of the I isomer for the latter series was for 
various substituents as follows: NOa, 68 per cent; MeaN, 63 per cent; 
Me, 60 per cent; MeO, 55 per cent; I, 42 per cent; Br, 36 per cent; Cl, 35 
per cent. 

Equilibria and Rates in Esterification and Alcoholysis. The rela* 
tion of the structure of the alcohol and the acid to the rate and extent 
of esterification has been extensively studied. The comparison of acids 
with respect to their relative rates of reaction with a given alcohol is 
not a simple one, since the rate of the esterification reaction is a function 
of the concentration of the catalyst and the catalyst is the acid or one of 
its dissociation products, the solvated proton. In other words, when 
the rate of esterification of two acids is measured the resultant rate con¬ 
stant is a function not only of the rate of reaction of the acid but also of 
the activity of the acid as a catalyst for its own esterification. Since the 
rate of esterification, over certain ranges of concentration, is propor¬ 
tional to the hydrogen-ion concentration, it is possible to calculate the 
rate of reaction to a standard hydro^n-ion concentration. 

The data given in Tables V and VI are from the papers of Menschut- 
kin ® and indicate the relative rates of reaction of various alcohols and 
adds without added catalyst. The retarding effect of braiuhing of the 
CM!t>on chain shown by trimethyl- and dimethylelhylacetic acids is even 
ma^ marked in tte 2 , 6 -di 8 ubstitated bensoic acids, which do not react 
alcohols umter any known conditions. 

f OimMe, J. Chm. Soe,, 1117 (ISSa). 

MUnKStutkizi, .inn. ekim. jAyt., fS] SO, 81 (1888). 
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TABLE V 


AiiotWT OP Estbkification op Vabiotjb Alcohols bt Acisnc 
Acm IN 1 Houb at 155° 


Primary 

% 

Secondary 

% 

Tertiary • 

% 

Methyl 

55.6 

Dimethylcarbinol 

26.5 

Trimethylcarbinol 

1.4 

Ethyl 

46 9 

Methylethylcarbinol 

22.6 

Dimetbylethylcsrbinol 

0.8 

Propyl 

46.9 

Methylhexylcarbinol 

21.2 

Methyldiethylcarbinol 

1.0 

n-Butyl 

46 8 

Methylisopropylcarbinol 

18 9 

Dimethylpropylcarbinol 

2 1 

n-Octyl 

46.6 

Diethylcarbinol 

16.9 

Dimethylisopropylcarbinol 

0.9 


* Dehydration also takes place. 


TABLE VI 

Amount op Ebteeification op Various Acids by Isobuttl Alcohol 
IN 1 Hour at 155° 


Formic 

61 7 

Butyric 

33.3 

o-Methylbutyric 

21.6 

Acetic 

44 4 

Caprylic 

30.9 

Trimethylaeetic 

8 3 

Propionic 

41 2 

Isobutyric 

29 0 

Dimethylethylacetic 

3 6 


The extent of the reaction was 65-70 per cent for the primary alco¬ 
hols, 50-60 per cent for secondary alcohols, and less than 5 per cent for 
tertiary alcohols. The extent of reaction of an alcohol and an acid in 
a homogeneous system is not modified by the catalyst or, except to a 
slight extent, by the temperature at which the reaction is studied. How¬ 
ever, the difference between the extent of reaction of ethyl alcohol and 
acetic acid in the liquid phase (67 per cent) and over silica gel is striking. 
Reid gives for the latter the following figures: 150°, 85 per cent; 200°, 
83 per cent; 250°, 78 per cent; 300°, 75 per cent. 

The equilibrium constant for various alkyl groups (R) has been 
calculated for the alcoholysis reaction, 

ROH 4- AcOMe ^ AcOR + MeOH 

and the relative values found to be similar to those for the esterification 
reaction, 

ROH + AcOH ^ AcOR + H,0 

The values of the equilibrium constant for various alkyl groups in alco- 
holysis are as follows: 2-ethylhexyl, 1.02; methyl, 1.00; n-amjd, 0.95; 
n-heptyl, 0.77; rwlodecyl, 0.71; 3-phenylpropyl, 0.69; ethyl, 0.66; 
sec.-amyl, 0.64; n-butyl, 0.64; n-propyl, 0.62; sec.-heptyl, 0.5; 2-octyl, 
0.46; isobutyl, 0.44; 2-phenylethyl, 0.42; allyl, 0.38; bensyl, 0.35; iso¬ 
propyl, 0.30; cyolohexyl, 0.32; and sec.-butyl, 0.28. The corresponding 
value for hydrogen (0.19) is less than for any of these alkjd groups. « 

“ Ftlikndt and Adkins, /. Am. Chetn. Soe., #7, 193 (1936). Hatfdi a»d Adldns, 

M. im (1937). 
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Hiere is a very great difference between primary, secondary, and 
tertiary alcohols and the halogen acids on the one hand and the car¬ 
boxylic acids on the other. The order of increasing rate of reaction of 
the alcohols with the halogen acids is; primary < secondary < tertiary, 
an order which is the reverse of that observed for acetic acid, for exam¬ 
ple. This is illustrated by the well-known fact that hydrochloric acid 
does not react at a measurable rate with n-butyl alcohol at room tem¬ 
peratures, yet fert.-butyl chloride is formed almost instantly and in 
high yield from fert.-butyl alcohol under the same conditions. Acetic 
acid reacts more slowly and to a much less extent with tcrf.-butyl than 
with 7i-butyl alcohol. These facts may be rationalized by assuming 
that with acetic acid the hydroxyl group entering into the formation of 
water comes from the acid while with hydrochloric it must come from 
the alcohol. There is reason for believing that the hydrogen of the 
hydroxyl of a primary alcohol is more rapidly replaced than that of a 
tertiary alcohol, while the hydroxyl of a tertiary is more rapidly replaced 
than that of a primary alcohol. 


O 


0 


BuC ^H -h HOj -CCHa BuO—CCH, -|- H,0 

BulOH -h Hi C) i=± BuCl + H*0 


EquiHbrta and Rates in Formation of Acetals. The concentration of 
the aldehyde at equilibrium has been determined in the formation of more 
than a hundred acetals.^* A selection from the data so obtained with 
respect to acetaldehyde and tetrahydrofurfural is given in Table Vll. 
If the bdiavior of ethyl, propyl, butyl, pentyl, and heptyl alcohols with 
acetaldehyde, propionaldehyde, butyraldehyde, or heptaldehyde is ac¬ 
cepted as a standard then the per cent conversion of the straight-chain 
aldehyde with the straight-chain primary alcohols is 80 per cent for 1 
mole of aldehyde to 5 moles of alcohol. Similariy, for 8 acetals formed 
from simple aldehydes and the secondary alcohols propanol-2, butanol-2, 
pentanol-2, and (MJtanol-2, the average per cent conversion at equilib- 
rivim was 46 per cent, wdiile two tertiary alcohols gave a conversion of 
about 20 per c«it. The effect of various structures upon the extent 
of reaction is showxi by the figures in Table YIII which indicate the 
divergence of the per cent oonvereion actually observed from the values 
were nr^ed as characteristic of the simpler aldehydes and aledhols. 
tlte figures in the first edumn of Table VIII reveal the fact that 
8 ab|^tion of methyl groups in acetaldehyde results in a greatly low- 

iMding refenmoea to work Adldna, E. W. Adam*, Hartuag, Street, Broderick 
midlk and l>uaber, eee ibid., H, 4d3 (1934). 
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TABLE VII 


Extent of Beaction of Ausehti>es and Alcobolb 
(5 Moles Alcohol to 1 Mole Aldehyde) 


Alcohol ' 

1 

Acetaideh yde 

Tetrahydrofurfural 

% 

Conversion 

i 

K ’ 

1 

% 

Conversion 

j 

K 

3-Phenyl propyl. 

96 

13 3 

95 

0 6 

n-Octyl. 





»t-Dodecyl. 


! 


v.o 

Tt-Pentyl. 

93 

6.5 

89 

3.5 

2-Phenylethyl. 

92 

6.4 

89 

3.5 

»i-Heptyl. 

92 

5.4 

95 

0.5 

ri-Butyl. 

88 

3 1 

80 

1.4 

Isobutyl. 

88 

3.1 

78 

1.2 

Methyl. 

87 

2.4 

86 

2.3 

Ethyl. 

78 

1.2 

79 

1.3 

^lodoethyl. 

78 

1.2 



»-Propyl. 

76 

1.1 

80 

1.4 

2-Chloroethyl. 

76 

1.1 

76 

1.1 

2-Ethoxyethyl. 

74 

0.94 

79 1 

1.3 

Ben*yl. 

74 

0.94 

79 

1.3 

Allyl.j 

73 

0.84 

72 

0.77 

2-Broinoethyl. 

71 

0 76 



Cyclohexylc&rbinol. 

56 

0 26 



Cyclohexanol. 

56 

0.26 

88 

3.1 

Fentanol-2. 

53 

0 23 



ButanoI-2. 

46 

0.13 

65 

0.47 

Octanol-2. 

46 

0.13 

90 

4,0 

Propanol-2. 

39 

0.10 

49 

0,17 

tert.-Butyl. 

23 

0.02 

38 

0.07 


TABLE VIII 

CouFABisoNS IN Acetal Formation * 


Aldehyde 

Ethanol 

Cyclohexyl- 

carbinol 

Cyclo¬ 

hexanol 

Piopanol-2 Octaaol-2 

Acet- 

- 2 

-24 

-1-10 

- 3 

0 

Dimethylaoet- 

- 9 

-38 


-23 


Trimethylacet- 

-24 

-38 

-30 

-35 

-20 

Cyolopentyl- 

-86 

-39 

-11 

-33 

+ 4 

B«i»- 

-41 

-45 

-23 

-82 

+ 3 

Hexahydtobena- 

- 2 

-f 7 

+29 

-17 

+28 

Furfur- 

-49 


.... 

-29 

-35 

Tetrahydrofurfur- 

-1 


+42 

+ 8 

+44 


* 'Hie fiBUHM in th« t»M« are obtainod by aabtiw^ 80 (primary almbirili) « 46 (aeoojKto 
•Ivebota) {rom the pereentace oonvenian to the aeetal o! 6 moue of akokol wd I mole at aUehyda. 
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ered pe^ cent conversion to the acetal in the reaction with ethanol. The 
cyciopentyl radical had a siinilar effect, while the <yclohexyl group had 
no effect when attached to the aldehyde group. Unsaturation in the 
aldehyde as indicated by the differences between benzaldehyde and 
hexahydrobenzaldehyde, or furfural and tetiahydrofurfural, also greatly 
decreased the conversion to acetal. The same tendency was also noted 
with acrolein (Jf = 0.17), crotonaldehyde (0.011), and ciimamaldehyde 
(0.013), the effect being especially marked with the latter two which 
were lower than benzaldehyde (0.16). 

If the behavior of the cyclic alcohols and cyclic aldehydes toward 
each other is noted it is seen that the relationships are quite far from 
being as consistent as in simpler aldehydes and alcohols. For example, 
cyclohexylcarbinol gives a much lower value for acetaldehyde than do 
other primary alcohols, while cyclohexanol gives a higher value than do 
the simpler secondary alcohols. Cyclohexanol and octanol-2 also give 
abnormally hi^ values with the cyclic aldehydes. 

The studies on the relation of the structure of the aldehyde and 
alcohol to the rate of the acetal reaction are much less comprehensive 
than those with respect to the extent of the reaction described above. 
The matter may be covered in a qualitative way by the statement that 
the unsaturated aldehydes, benzaldehyde, furfural, cinnamic aldehyde, 
and crotonic aldehyde react many times more rapidly than such satu¬ 
rated aldehydes as acetaldehyde, tetrahydrofurfural, and especially 
hexahydrobenzaldehyde. 

The effect of structure upon the formation of acetals from ketones 
has also been studied on the basis of the reverable reaction, 

RiCO + HC(OEt), ^ R^(OEt), + HCO*Et 

The effect of branching of the carbon chain and of phenyl groups upon 
decreasing the tendency to form acetals is evident from the data in 
Trf>Ie IX.* 

TABLE IX 

Extent of Acetal Forhation in Reaction of 0.1 Moie or 
OsTHOFOiunc Esteb with 0.1 Mole or Vabioub Ketones 
nr A SoLtmoN Mads of to 60 ml. with Ethtl Alcohol 

% % 



Ketone 

Acetal 

Ketone 

Acetal 


rKinetJiyl 

96 

Methyl tert.-hutyl 

60 


Methjd ethyl 

90 

Ethyl terl.-butyl 

36 


Methyl fi-phmyhthyl 

89 

Diphenyl 

34 


Methyl idtenyl 

86 

tert-Butyl iaopirop^ 

86 

5 

Methyl nec^entyl 

8* 

Di-tert.^nitjd 

17 


Di-uopropyl 

65 



pjnWItap and AdUut, m.. U. 10*3 (IMl). 
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EQUilibria and Rates in the Formation of Semicaihazones. The 

formation of semicarbazones has been quantitatively studied by Conant 
and Bartlett.*^ The exposition of this study made by Conant is so sig¬ 
nificant that it is quoted below.* 

“This is a case where an equilibrium controls the rate but, in addi¬ 
tion, acid catalysis is involved. The results illustrate the great impor¬ 
tance to organic chemistry of the general theory of acid and basic 
catalysis developed by BrSnsted and Lowry in the last few years. The 
general reaction may be illustrated by the reaction of acetone: 

(CHs)sCO + NHjNHCONHj ^ (CHa)2O=NNHC0NH2 + HjO 

The reaction is reversible, and this fact must be taken into account, of 
course, in formulating the kinetic equations where the back reaction 
is appreciable. 

“A study of the reaction rate in a variety of buffer solutions has 
shown that two opposing factors are at work. On the one hand, an 
increase in acidity of the solution beyond about pH = 4.9 decreases 
the amount of free semicarbazide by salt formation (the pK of 
NH^NHCONHg is 3.66 at 25° C.) and thus diminishes the rate, since 
the reaction is between the free base and the carbonyl compound. On 
the other hand, this very reaction between the free base and the carbonyl 
compound is subject to acid catalysis, and its rate increases with the 
concentration of the acid: 

RjC—O + NH»NHC0NH2 + HAc (catalyzing acid) 

(partially removed as NHi*NHC0NH2 by increase m H *) 

R2C=NNHC0NH2 + H 2 O + HAc 

In an ordinary set of buffer solutions covering a narrow range, increase 
of acidity is effected by increasing the (xincentration of free acid. There¬ 
fore, rate measurements in such buffers show a pronounced maximum.” 
The data “might easily lead to the erroneous conclusion that the rate 
was controlled solely by the pH value of the buffer. Measurements 
made at constant pH but varying contentration of buffering materials, 
however, show that the rate is proportional to the concentration of 
catalyzing acid. The apparent regularity [of the relationdbip of rate of 
reaction and pH] is thus the result of an accidental conformity between 
pH and acid concentration—a consequence of the usual way of making 
a series of buffers.” This point is further illustrated by the fact that 
the relationship of pH to rate of reaction is different with phosphate 
from that with acetate as a buffer. 

Coikftnt ftnd Bortletti 28S1 (I932)< 
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“In general, in caees of add eatalyais, the apecific catalytic effect 
of the acid ia greater, the stronger the add. For this reason the most 
effective catalyst for semicarbazone formation would be an add only 
dightly weaher than the semicarbadde ion, NHi^NHCOlNHa' Such 
an add is acetic (about 1 pK unit weaker); a large concentration of this 
acid can be introduced into the solution, and, by an appropriate in¬ 
crease in sodium acetate concentration, the pH value can be kept 
suffid^Uy high so that only a small portion of the semicarbadde is 
combined with the acid. To some extent these optimum conditions 
are approached when potassium acetate and semicarbadde hydro¬ 
chloride are employed in the preparation of semicarbazones. It would 
probably be advantageous, however, to increase the concentration of 
the catalyst (acetic add), at the same time keeping the pH high by the 
addition of acetate ion. 

“It is evident that, in comparing the equilibria and the rates of 
semicarbazone formation with a variety of carbonyl compounds, the 
experiment should be performed in such a manner that a definite amount 
of catalyst is present in each case and that practically all the semi- 
carbadde and condensation product should be present as the free base. 
A phosphate buffer of pH about 7 and a concentration of catalyst 
(HaP04“) of about 0.06 M meet these specifications. The results 
obtained under such conditions are summarized in Table X. 

TABLE X 

COHPABIBON OF EgUILIBRIA AND RaTES OF SeMICABBAZONK FORMATION OF 

Ketones and Aldehydes 

(At 26“ ± 0.01 “C. in 0 07 M Na*HPOi + 0 08 M NaHjPOi) 



A X 10® 

Velocity Constants of 


Hydrolysis Constant 

Semicarbazone 


of Semicarbazone 

Formation Hydrolysis 



hi 

ki X 10* 

Aoetslddiyde 

2.9 

361 

1040 

Beosaldebyde 

0 30 

2 05 

0 62 

Fttifund 

0 76 

0 73 

0 66 

Tiimsthylaoetaldehyde 1 86 

20 

87 

Pyruvic add 

0 61 

7 37 

3 8 

Acetone 

324 

6 02 

1800 

Cyctohexenope 

214 

36 

7600 

Pinaedene 

1260 

0.068 

66 


»^'A consideration of Table X tnings out a number of points of inter- 
^ In the first place, it is dear that there is no apparent relation 
the qpeed of formation the semicarbazone and its stability 
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as measured by the hydrolysis constant, K. Considering first the rela¬ 
tion between structure and rate of semicarbazone formation, acetalde¬ 
hyde is found at the top of the list, with its trimethyl substitution prod¬ 
uct about a tenth as reactive, but some ten times more reactive than 
benzaldehyde or furfural. The latter is the least reactive of aU the alde¬ 
hydes and differs from acetaldehyde by nearly a thousandfold. Of the 
ketones, cyclohexanone is the most reactive (as would have been ex¬ 
pected from previous work), and acetone and pyruvic acid are essen¬ 
tially equal and about a sixth as rapid in semicarbazone formation as 
the cyclic ketone. The large drop in reactivity caused by substitution 
of three methyl groups (0.068 for pinacolone compared with 6.0 for 
acetone) is in accord with a large variety of qualitative and quantitative 
facts of organic chemistry. A comparison of benzaldehyde, furfural, 
acetone, and trimethylacetaldehyde gives very little support to the 
idea that the rate of carbonyl reaction is determined solely by so-called 
steric effects. It would seem that the facts are much too complicated 
to be explained solely by such a simple hypothesis. However, if atten¬ 
tion is confined to a particular limited class of compounds, such as the 
aldehydes, the concept of steric hindrance affords a plausible explana¬ 
tion of relation between rates and structure. The comparison of acetone, 
pinacolone, and acetaldehyde and its trimethyl derivative illustrates 
this. 

“Turning now to the equilibrium constants, we find all the ketones 
(except pyruvic acid) falling into one class and the aldehydes into 
another. Within the ketone class the variation in the hydrolysis con¬ 
stant is only threefold, the most highly substituted ketone being the 
most completely hydrolyzed. The variation among the aldehydes is 
tenfold, but the difference between the least-hydrolyzed ketone semi¬ 
carbazone (always excepting pyruvic acid) and the most-hydrolyzed 
aldehyde semicarbazone is a hundredfold. It would appear that the 
carbonyl compounds, as far as the energy relationships are concerned, 
show a rather simple relationship between structure and semicarbazone 
formation, the equilibrium constants being determined by the 
of factors which determine the dissociation constants of 
convenience, these factors may be termed the ‘pailarity or 
of the attached groups. Thus we may say that the more negiHiw 
atoms or groups X, Y in the compound, XCOY, the l^s h3rdrolya6d is 
the semicarbazone. The contrast between aldehydes and ketones cori^ 
sponds to the difference in strength of formic and the other aliphatic 
adds. The fact that pyruvic acid semicarbazone is even less hydrolyzed 
than that of acetaldehyde is in accord with the greater ztrwigth of oxalic 
. (pX ■» 2.8) as compared with formic add (pX « 3 J). 
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*‘Some of the oondusions stmimarized in Table X can be demon* 
strated by qualitative experiments which also serve to emphasize the 
difference between rates and equilibria in controlling organic reactions. 
The most striking of these experiments involves a comparison of cyclo¬ 
hexanone and furfural. The differences in rates of semicarbazone for¬ 
mation are in favor of the former by a factor of about fifty; the hydroly- 
ms of the aldehyde semicarbazone is only one three-hundredth of that 
of the ketone, however. As a result, if one mole of semicarbazide and 
one mole each of cyclohexanone and furfural are allowed to react, prac¬ 
tically the entire final product is furfural semicarbazone. Because of 
the differences in the rates of reaction, however, the initial product in 
such an experiment is almost wholly cylcohexanone semicarbazone. 
The effect of these differences in rate and equilibrium constants can be 
shown very simply by allowing semicarbazide to react with a mixture 
of cyclohexanone and furfural in alcoholic solution and isolating the 
semicarbazone after a few seconds and after a few hours. (Because of 
the solubility of cyclohexanone semicarbazone in water, it is necessary 
to precipitate the product by pouring a sample of the mixture into a 
saturated ammonium sulfate solution in which the cyclohexanone semi¬ 
carbazone is almost insoluble.) In such an experiment, starting with 
0.01 mole each of semicarbazide hydrochloride, furfural, and cyclo 
hexanone, and 0.05 mole of potassium acetate in 60 per cent alcohol, a 
sample precipitated after 20 seconds yielded cyclohexanone semicarba- 
zoBB, while after 2.5 hours a similar precipitate was found to be pure 
furfural semicarbazone. 

“It is worth noting that, if one had attempted to draw conclusions 
about the relative reactivity of the two carbonyl compounds from one 
of the above experiments alone, the conclusions would have been dia¬ 
metrically opposite, depending on whether the product was isolated 
after a few seconds or after a few hours. This is an illustration of the 
difficulties of attempting to deduce generalizations in regard to the 
behavior of organic compounds from qualitative experiments when the 
nature of the reaction is not fully understood. There seems no escape 
frpm the concluinon that significant comparisons of quantitative meas¬ 
urements can be made only on the basis of a thorough knowledge of a 
reaction. This iifaires first a detailed study of the yields of all the 
imoducts and lat^h phymcochemical study of the factors which control 
file eq uilibrium * yitid the rate. The amount of work involved in suidi 


end dha ecnnplioatuHis already unearthed are welcome guarantees 
there will be many luuUems to solve for a long tinm to come. We 
confident, moreover, that the fascinating art of organic dimnis- 
only idowdy to tte devastating inroads of an exact soienoa.” 
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Rates of Reaction of Alkyl Chlorides and Metallic Iodides. Conant, 
Karner, and Hussey made a study of the relation of structure to the 
rate of reaction of some fifty halogen compounds with potassium iodide. 

RCl + KI RI + KCl 

The rates of the reaction in acetone were measured at various tem¬ 
peratures from —10“ to 60“. They showed that there was no appre¬ 
ciable amount of a “side reaction” and that the relative rates of differ¬ 
ent alkyl halides were approximately independent of the temperature 
at which the comparison was made. This latter observation made it 
feasible to calculate the relative rates of reaction to a standard tempera¬ 
ture (50°) even though the experimental results were obtained at the 
various temperatures at which the reactions proceeded at a measurable 
rate. The reaction was not reversible. The relative rates were inde-' 
pendent of the concentration of the reactants, and independent of 
whether the metallic iodide was sodium, hthium, or potassium. 

The reaction rate constant was calculated upon the basis of the usual 
bimolecular equation, but a better comparison of the rates of reaction 
is given as the result of a calculation in which the rate of reaction of 
n-butyl chloride is unity. Such a comparison is given in Table XI. 
It may be of interest to note that at 50° butyl chloride had reacted to 
the extent of 50 per-cent after 36 hours, whereas only 15 hours was 
required at 60°. «-Chloroacetophenone at 0° had reacted to the extent 
of 55 per cent after less than 1 minute. Allyl chloride at 25° had re¬ 
acted to the extent of 54 per cent after 6.3 hours. 

Many interesting and important comparisons and conclusions may 
be made upon the basis of the data given in the table, but it must 
suffice to point out only a few of these: The normal alkyl halides are 
very similar in their behavior towards potassium iodide. The secondary 
and tertiary alkyl halides are similar to each other but very much less 
reactive than the primary chlorides. Cyclohexyl chloride is almost as 
unreactive in this reaction as the aryl halides. 

The structure C=C—C—Cl as found in allyl or benzyl chloride 
results in enhanced reactivity of the halogen. The phenyl, carbonyl, 
carbethoxy, cyano, amido, methoxy, nitrophenyl, bromophenyl, and 
chlorophenyl groups showed a marked labHizing effect when attached 
to the carbon holding the chlorine. 

Some of the more general conclusions are quoted from the oripnal 
papers. “For purposes of expressing numerically the factors govern¬ 
ing tifi behavior of organic substances as we deal with th«n in the labora- 

*Ccmant, IQriier, and Huss^, ibid., 46, 232 (1924}; 47, 476, 488 (1626). 
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TABLE XI 

Rjoiaitvx Bsactivitus or Chuibidkb wit h Potabbtok loonuB 


Compound 

Relative 

Reactivity 

Compound 

Relative 

Reactivity 

n-C^HtOl 

1 00 

C»HtCOCH,a 

105,000 

CiHsOl 

1.94 

CHsCOCHjCl 

35,700 

»-C«H7C1 

1.03 

NCCHtCl 

8,070 

f»-CsHuCl 

1.26 

CjHtOiCCHsCl 

1,720 

n.CeH«Cl 

1.22 

CHaOCHtCl 

018 

»».C7H«C1 

1.20 

C»HsCOCl 

700 


1.32 

CHaCOiCHjCl 

270 

W“Ci*HteCl 

1 00 

C*H*CO(CH*)jCl 

230 

n-CitHtiCl 

0.00 

HjNCOCHjCl 

99 

n-CtoHtfiCl 

0.88 

CHj=CHCH»Cl 

79 

uo-C»HiiCl 

0 65 

C*HjOjCCl 

26 

(CHa),CHCl 

0 015 

CeHsCHsCl 

195 

C:,H»CHC1CH* 

0.022 

(CeHs)sCCl 

38,000 

»»-C,H»CHClCH, 

0 048 

((iHsO,C)2CHCl 

60,200 

«-C«H*CHClCH* 

0.075 

t)-NO|C»Il,CH»Cl 

1,800 


0 026 

m-NOsCeH^CH^l 

780 

(CH,),CC1 

0.018 

p-NOjC^CHjCl 

1,370 

cyeZo-C*HaCl 

0.0001 

2,4-(NOj)*C6HsCHjC1 

50,800 

C,H,(CH,),C1 

0 91 

o-ClC»H«CH»Cl 

718 

C»H.(CH,)K)1 

1.35 

p-ClCeH«CH*CI 

553 

Cai.(CH,),Cl 

1.07 

o-BrCeILCH*CI 

77,300 



p-BrC*H4CH*Cl 

48,100 


tory, differences in reactivity of 25 or even 50 per cent are of relatively 
little importance. Variations of threefold, a hundredfold and a million- 
fold are the cause of the vagaries which make our present structural 
formulas so often unreliable in predicting reactions. From this point of 
view the results of all the previous studies of primary halides and the 
data here presented may be said to be in general agreement. In a great 
variety of reactions a methyl halide is 5 to 20 times more reactive than 
the ethyl compound which in turn is only about twice as reactive as the 
ot^er primary straight-chain compoimds that do not differ materially 
from one another, at least as high in the series as CsoHeiCl. The forking 
of the chain dinpnishM the reactivity of primary compounds, which 
diniinution in the'.^9ase of amyl is about 100 per cent (our results are in 
aipeement with those of two other investigators on this point). 

. ”The discrepaneieB in r^rd to the comparison of primary and 
MfOndary halhies are serious; they may be real differences, speoifio for 
e||i& of the reagents eipaploy^, or they may be due to the fact tl^t in 
distances some unsuspected reaction may be taking place mth 
tlih ftiittwlary compounds whidi Is absent frmn the primary 

iV i>T 


V 
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For example, any comparison of the action of alcoholates on primary and 
tertiary halides is meaningless because in the one case ethers are fonn^ 
and in the second olefins. We have chosen the reaction with an inor¬ 
ganic iodide in absolute acetone because of the impossibility of many 
side reactions which may complicate the results with other reagents 
used in aqueous or alcoholic solution and because the reaction has been 
widely used for preparative purjjoses and is known to give excellent 
yields. We are, therefore, inclined to believe that our results showing 
that secondary and tertiary halides are only 0.05 to 0.01 as reactive as 
primary compounds represent a correct formulation of the behavior of 
these substances, at least in simple metathetical reactions. There is 
already some evidence that seems to indicate that the rate of hydrolysis 
(and perhaps alcoholysis) in neutral solution does not parallel the rate 
of our metathetical reaction. Thus, in the previous pajier cj-chloro- 
acetophenone was found to be by far the most reactive substance, and 
yet it can be recrystallized without appreciable loss from mixtures of 
water and alcohol; a similar drastic treatment of benzoyl chloride or 
ethyl chlorocarbonate would insure very considerable hydrolysis and 
yet their relative reactivity on our scale is about one one-hundredth 
that of chloroacetophenone. Possibly some similar direct action between 
the secondary halides and the alcohol used as a solvent may be the 
cause of the relatively high reactivity found by some workers for these 
compounds.” 

Rates of Reaction of Diphenylchloromethanes and Acyl Chlorides 
with Alcohols. Norris, Banta, and Blake investigated the rates of 
reaction of various substituted diphenylchloromethanes with ethyl and 
isopropyl alcohols. The variations in reactivity with the substituent 
are evident from the summary of the results given in Table XII. 

TABLE XII 

Relattvx VbiiOcitt Constants of thje Rbactionb betwbkn Ethtij Aicobol and 

CsBTAIN DlCRIVATrvltS of DlPHKNTliCHLOEOJJIiTHANa 

Temperature 25.0°. Concentration of chloride approximately 0.1 formal by 


wnght. 

Substitumt 

Relative 
Values of 

Substituent 

Relative 
Values of 

Substituent 

Relatiye 
Values of 

No substitamkt 

Constants 

1 

p-Methyl 

Constants 

16.2 

o-Methoxy 

Constants 

93.0 

o<}hloro 

0.01 

p,p'-Dichloro 

O.lS 

p-Methoxy 

1200 (?) 

fli-Chhao 

0.045 

p,p'-Dimethy! 

413.0 

p-I%enoxy 

31.6 

p-Chloro 

0.42 

p-Etbyl 

20.9 

o>Naphthyl 

7.2 

e^ethyl 

2.9 

p-Bromo 

0.33 

Bensylpbenyl- 

0.0004 

m-Methyl 

2.1 

p-Phenyl 

12.8 

chlorome^ane 

» Norris. Banta. and Blake. iWd.. M, 1804,1809 (1928). 
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■ llie relation between the structure of the alcohol and its rate of 
reaction with p-nitrobenaoyl chloride has been studied by Norris, Ash* 
down, and Cortese.** They also observed the effect of substituents in 
the benzoyl chloride upon the rate of reaction with isopropyl alcohol. 
A Bununary of their data is pven in Tables XIII and XIV. 

TABLE XIII 

SacOND-OasBR Velocitt Constants tor thb Rbaotionb bidtwesn 
Auxiholb and p-Nitrobbnzoyl Chloride in Ether 


Temperature, 2S‘. Concentration of each reactant 1 mole in 1000 g. of etbet 
taken as unity. 


Normal Primary 




Aloofaola 

lb 

Secondary Alcohols 

k 

Methanol 

0.184 

Propanol-2 

0.0100 

Ethanol 

0.085 

Butanol-2 

0.0074 

Fropanol-1 

0.066 

PentaDol-2 

0.0059 

Butanol-1 

0.074 

Ilexanol-2 

0.0066 

Pentanol-1 

0.079 

Pentanol-3 

0.0036 

Hexanol-1 

0.086 

Heptanol-4 

0.0027 

Heptanol-1 

0 069 





Tertiary Alcohols 


Primary Alcohols with 


Methyl-2-propanol-2 

0.0027 

a Branched Chain 


Methyl-2-butanol-2 

0.0026 

Methyl-2-propanol-l 

0.031 

Methyl-3-pentanol-3 

0.0014 

MethyI-2-butaDal-l 

0.036 



Methyl-2-pentanol-l 

0.034 

Aromatic Alcohols 


Methyl-3-butanol-l 

0.073 

Benzyl 

0.0170 

Methyl-3-pentanol-l 

0.077 

S-Phenylethyl 

0.0400 

Methyl-3-hexanol-l 

0.076 

y-Phenylpropyl 

0.0200 

Metbyl-4-pentanol-l 

0.068 

€»-Phenylethyl 

0.0005 



a-Phenylpropyl 

0.0006 



or-^enylbutyl 

0.0006 

The substitution of methyl, ethyl, phenyl, cv-naphthyl, 

methoxy, and 

pbenoxy groups, especially 

in the paro-position, enhances the reactivity 


of the halogen in diphenylchloroznethanes. The substitution of hal¬ 
ogens especially in the ortAo-position reduces the reactivity of the 
t^orine. However, in benzoyl chlorides the halogens and especially 
the nitro group eti^fatance the reactivity of the chlorine, while a methyl 
gtirap lowers the resetivity. 

j l^e primary aicohote except methyl alcohol and those with a 
bAoehed chain at the 2-oarbon atom i^ow a similar reactivity with 
p^trobenzojd oblorhle> Methyl alcohcd is more reactive than the 

Adidown. aad OnteM. ibid,, *1,6S7 imS) i 4 *. 2«40 (1927). 
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TABLE XrV 


FlBBT-OttDIiR VeLOCITT CONSTANTS OF THE REACTIONS OF CERTAIN ACTli 
Chlorides with Ibopboptl Alcohol 

Temperature, 25.0°. Concentration approximately 0.1 formal per 1000 g. 


Acyl Chloride k 
Benzoyl 0 00365 

p-Chlorobenzoyl 0 00559 
p-Bromobenzoyl 0 00650 
p-Iodobenzoyl 0.00628 
o-Nitrobenzoyl 0 00694 
p-Nitrobenzoyl 0 03600 
p-Methylbenzoyl 0 00235 


Ratio of Constant to 
that of Benzoyl Chloride 
1 . 

1.63 
1.78 
1 26 
1.90 
10.0 
0.64 


average primary alcohol; alcohols with carbon substituents, esfiecially 
a phenyl group on the 1- or 2-carbon, are very much less reactive. The 
secondary and tertiary alcohols show a much lower rate of reaction 
than any of the primary alcohols except those having an a-phenyl 
group. 

In later papers Norris and his associates have extended their 
investigations to include the rates of reaction of various substituted 
benzoyl halides at various temperatures and in a variety of solvents. 
The relative reactivity of the reactants was found to vary with all these 
variables. Three of their more general conclusions were as follows: 
It is shown that the effect of CH3, CH3O, Cl, Br, I, and NO2 in the 
ortho-, metor, and paro-positions in the benzoyl chlorides is opposite 
from the effect of the same substituents in the benzyl chlorides. The 
temjieratuie coefi&cients of the reactions bear no relationship to the 
rates but can be correlated with the nature of the substituent and its 
position. The rates in solvents containing oxygen are less than in the 
hydrocarbons or their halogen derivatives. In this respect an acyl 
chloride differs from an alkyl chloride. 

Rates of Reaction of Alkyl Bromides and Piperidine. McElvain 
and Semb have compared the rates of reaction of fourteen alkyl 
bromides with piperidine. Under the conditions of their measurements 
there was no appreciable amount of side reactions with the primary and 
a negli^ble amount with the secondary alkyl bromides. The rates of 
zeaetion of the tertiary bromides in alkylation caimot be compared 
with the primary and secondary bromides because the main reaction of 
the former was the loss of hydrogen bromide. The rates of the reaction 

** Norrfz, Young. F«»oe, Stoud, and Haines, ibid., W, 1415-1427 (1931^. 

* MoElviio And Semb, W» 690 (1931)* 
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in petroleum eHier were detmnined from tlie amounts of piperidine 
hydrobromide whicdi had precipitated from the reaction mixture after 
a ghren time interval, e.g. 

C|H»Br + 2C»HioNH -> C»HioNC»Hs+C»HioNH HBr 

Among the straight-chain primary alkyl bromides only ethyl showed 
a marked divergraice from the average of the six bromides of this type 
investigated. Branching of the chain (isobutyl and isoamyl) greasy 
lowered the rate of reaction. The phenyl group when attached to the 
carbon atom holding the halogen (benzyl) enormously increased reac¬ 
tivity. The effectiveness of the phenyl group was also manifest in phen- 
ylpropyl and to a less extent in phenylethyl. The secondary bromides, 
especially cyclohexyl, were very much less reactive than the other com¬ 
pounds investigated. 

TABLE XV 

Rite of thb Reaction between Pipehioine and Various Alktd Bromides at 90° 


Alkyl Group 

% Reaction in Hours 

4 

8 

12 

24 

48 

Ethyl. 

72.2 

80.4 

84 3 

93.7 

98.4 

n-Fropyl. 

4fi.6 

69.6 

66.6 

79.3 

89.5 

Isopropyl. 

✓ •••■ 



17.3 

28.1 

ipJButyl. 

46.1 

69.3 

66 5 

78 0 

88.4 

Isobutyl. 

10.0 

16.0 


29.4 

40.8 

s«.-Butyl. 

.... 



6.7 

12.0 

n-Amyl. 

48.1 

63.6 

69.8 

80.7 

90.5 

Isoamyl. 

31.1 

44.8 

62.8 

66 6 

77.4 

»-Hexyl. 

40.6 

63,7 

70.7 

80,7 

88.9 

n-Beptyl. 

63.2 

67.6 

74.6 

82.2 

90.0 

Cyclohffltyl. 

.... 

.... 


1.1 

2.4 

Benzyl. 

100.6* 





Phenylethyl. 

60.6 

69.5 

77.4 

90.6 

M.O 

PhenyljMopyl. 

74.0 

83.9 

86.4 

93.2 

96.8 


*97.t pw sent in 2 luMin. 


Rates of Fonnction of Thiourethattea. Browne and Dyson ** have 
ciMTied out a very cosnprehenBive series of experiments upon the rate of 
of aiylthiocarbimides with ethyl alcohol. Th^ found that 
Dm reaction proceeded at a measurable rate with a wide variety of 

flbr«>»C-8-b CtHjOBRN«-C(SH)OC,H, or RNHC(—8)00*3* 

i ‘ * 

Mid I>3FWI^Ctem. 

i -■ v;; • i ' - 
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thioc&rtiiniides. The reaction was irreversible and comparatively free 
of aide reactions, and it proceeded in the liquid phase without the sepa* 
ration of a solid. The reaction was carried out by refluxing the tluo- 
(arbimide in a 100 to 150 molecular excess of ethanol. The rate of 
reaction was not sensitive to hydrogen-ion concentration. The reaction 
could be followed by an accurate analytical method which involved 
weighmg the thiocarbamides formed by the reaction of benzidine with 
remdual arylthiocarbimide. The values of the rate constant calculated 
for a monomolecular reaction are summarized in Table XVI. 


TABLE XVI 


Thiocarbimide 

J: X 10< 

Thiocarbimide k X 10* 

Phenyl 

0 52 

3-Chloro-4-methylphenyl 

2 08 

2-Tolyl 

0 14 

3.Chloro-2-methylpbenyl 

0 68 

3-Tolyl 

0 39 

343hloro.4,6.diniethylphenyl 

0 41 

4-Tolyl 

0 30 

3-Chloro-2,4,6-tnmethylphenyl 

0 00 

2,3-DiinethyIphenyl 

0 11 

4-Chloro-2-methylphenyl 

0 44 

2,4-Dimethylphenyl 

0 09 

4-Cbloro-3-metbylpbenyl 

1 41 

2,5-Diniethylphenyl 

0 09 

2-Chloro.5-methylphenyl 

0 95 

2,6-Ehmethylphenyl 

0 00 

2.Chloro.8-methylphenyl 

0 95 

3,5-Dimethylphenyl 

0 22 

2-Chloro.4-methylpbenyi 

0 78 

2,4,6-Triinetbylphenyl 

0 00 

2-Chloro.6-methylphenyl 

0 28 

3,4,6-Trinietbylphenyl 

0 00 

2-Bromo-4-inethylphenyl 

0 00 

4-Etbylphenyl 

0 26 

2.43hloro-3,4,6-trimethylphenyl 

0 00 

4-Igopropylpbenyl 

0 00 

2-Metboxyphenyl 

0 10 

6-Methyl..3-iflopropylpbenyt 

0 00 

S-Methoxyphenyl 

0 58 

2-Chlorophenyl 

1 24 

4-Methoxyphenyl 

0 46 

2-Bromophenyl 

1 40 

2-EthoxypheayI 

0 07 

2-Iodophenyl 

0 00 

3-Ethoxypheiiyl 

0 75 

3.0i]oropheny] 

2 99 

4-Ethoxyphenyl 

0 27 

3-Pluorophenyl 

2 88 

2,6-DiinethoxyphenyI 

0 22 

S-Bromophenyl 

3 09 

2,6-Diinethoxyphonyl 

0 00 

S-Iodophenyl 

3 31 

3,4-Dimethoxypbenyi 

0 68 

4-Fluorophenyl 

1 41 

3,5-Dimethoxyphenyl 

0 86 

4-Chlorophenyl 

2 17 

3-Chloro-4-methoxyphenyl 

2 14 

4-Iodophenyl 

2 74 

4-Chloro.3-methoxyphenyl 

2 91 

2,4rDichloropbenyl 

4 10 

5-Chloro-2-niethoxyphenyl 

0 47 

2,fi-Dtch]oropheiiyl 

4 62 

64i;hloro.3-methoxyphen3d 

4 57 

8,S-Dichloro(^ienyl 

17 90 

4-Acetylphenyl 

6.84 

80>loro.6-m€4hylphenyl 

3 04 

4-Biphenyl 

0 90 

3-Ohloro.6-methylphenyl 

0 92 

3- Cyanophenyl 

4- Cyanophenyl 

11 10 
4 81 


“The results demonstrate that the nuclear substituents have a pr^ 
found effect on the reactivity of the isothiocyano-group in aiylthiocarbi- 
mides. Whereas halogen atoms and nitro-groups (and the methoxy- 
find tire eth®tyipf®up Wi-position) accelerate the rate of reaction 
M ethyl alcohol, alkyl or o- and p-alkoxyl groups retard the addition. 
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AtiQT ^qplaiuituHi of tliose Otets must also account for tbe following 
phmamena: 

"(1) The effect of more than one substituent is approximately the 
sum of the effects of the substituents acting alone, as e.g., in the cMoro- 
tolyl-, the chloroalkoxy-, and the dichlorophenylthiocarbimides. 

“(2) The tt^-substituted compound is always more reactive than the 
oorresponding o~ or p-substituted compound. This result is independent 
of whether the ccanpcnmd reacts more readily than pbenylthkx^rbimide 
or otherwise. In this connection, the results obtained with the methoj^- 
and ethoxy-substituted phenylthiocarbimides are of interest, since they 
show that the superior reactivity of meto-substituted derivatives is 
retained even when the reactivity of unsubstituted phenylthiocarbimide 
lies between that of the m- and the p-substituted compound. 

“(3) The reactivity varies with the nature of the substituent group, 
the nitro-^roup being most active in acceleration, and the isopropyl 
group most active in inhibition. 

“(4) The anomalous behavior of the ortho-substituted compounds, 
which in some oases exhibit the usual phenomena of steric hindrance 
and in others do not.” 

Reliability of the Equilibrium and Sate Constants. It will be evi¬ 
dent from earlier sections of thb chapter that different authors prefer 
to express their results in different ways. It will be well to conader the 
merits and limitations of these different modes of expression. The 
amplest way of expressing the relation of structure to concentration at 
equilibrium is by giving the per cent conversion at equilibrium of one 
of the reactants. Such figures are directly related to the analytically 
detomined concentrations, and the reader is in a position to determine 
whether or not a reported difference between two sets of reactants is of 
ognificant magnitude. For example, acetaldehyde under specified con¬ 
ditions is converted to an acetal with n-butanol to the extent of 96 per 
cent, and 99 per cent with isoamyl alcohol. If these results are expressed 
as equilibrium constants the value for the former is 3 and for the latter 
13. Thus the difference (if any) between these alcohols is magnified. 
Belatively few people are able to distinguirii ognificant differences in 
isxperimental results after these results have gone through a few noathe- 
inatical transformatiooa 

However, there are a number of reasons why it is advisable to calcu¬ 
late equilibrium constants. Among others it b seldom posable to 
all comparisons at the same concentration of reactants so that it 
|it.l|bces8ary to calculate the equilibrmm constant in order to put tiie 
in compara^ lonn. Farther, the comparison of the t^pi^rium 
pSIllultksttB hxr the same zeaetants at different oonoenttatlons is oiw af 
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the best means of ascertaining whether the reaction involved is truly 
reverfflble. Two methods are used in the calculation of equilibrium 
constants. In the method commonly used the concentrations of reac¬ 
tants at equihbrium are expressed in moles per liter. This method is 
satisfactory if the reaction is measured in a fairly dilute solution or if 
there is relatively little difference between the molecular volumes of the 
substances whose reactivities are being compared. The second method 
in which the concentrations are expressed in mole fractions should be 
used where a series of alcohols, for example, are being compared in the 
absence of an added solvent, as otherwise large differences in the value 
of K will appear where there are no real differences in chemical reac¬ 
tivity. For example, two acetals having similar per cent conversion at 
equilibrium had equilibrium constante differing from each other by 50 
per cent when the concentrations were expressed in moles per liter. In 
fact, the alcohol with the higher conversion had the lower value for K. 

From the standpoint of theoretical chemistry, differences in structure 
as manifested by differences in the extent of reaction should be expressed 
by differences in the decrease of free energy (AF) for the reactions. 
The value of AF may be calculated from the equilibrium constant or 
from measurements of the electromotive force as by Conant and Fieser. 
However, if AF is calculated from an equilibrium constant, which is not 
referred to the gaseous state, then small differences cannot be considered 
to be significant. A quotation from Conant ^ is pertinent to this point. 
“If one should accept the cases of the quinones and the enols as typical, 
one might be inclined to give up all attempts to measure and correlate 
a series of equilibrium measurements of organic reactions. The experi¬ 
ments with the gas phase are time-consuming and only possible in 
favorable cases; the results obtained may be regarded as an abstraction 
without value in formulating the organic chemistry as we know it, 
whi<di, after all, is the chemistry of liquid mixtures and solutions. I do 
not think such pesamism would be justified, however, although I do 
believe the results I have just considered raise serious doubts about the 
significance of empirical relations between structure and slight diffeiv 
ences in free energy. If this is the case, an attempt to correlate free 
energy changes and molecular structure should be concerned with differ¬ 
ences considerably greater than 1 kcal., unless the gas i^se is taken 
as the reference state or unless there is a very good reason to believe 
that the disturbing intennolecular forces are weak or cancel in the 
measurmientB.” 

’Hie relative rates at which compounds react may be most simply 
stated by plotting the per cent formation of a product agaimA time, or 
% atating the amount formed after seleoted intervals of taipe. If the 
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reaction is (or appears to be) a mono- or bimolecalar irreversiblfi reaction, 
the rate constant may be readily calculated. A graphical method is 
more convenient if the reaction appears to be more complicated. For 
this purpose the data are plotted and tangents drawn at suitable points 
cm the curve, and from the values of the tangents the rate constant may 
then be calculated. Rate constants offer a very convenient and concise 
way of expressing relative chemical reactivity. The probable signifi¬ 
cance of small differences in rate constants has been considered above in 
the review of the papers by Conant and Kimer. It must always be 
borne in mind that apparent differences between the rates of reactions 
of two compounds may be due to the presence of small amounts of an 
impurity. This possible presence of impurities having a catal3rtic or 
inhibitory effect is remindful of an historian’s statement which is expres¬ 
sive of most human activity: “Perhaps no man can ever free himself 
entirely from prejudice; still it is interesting to try.’’ 

Unfortunately, rate “constants,” however calculated, are aU too 
often not “constants” but show a “trend,” i.e., decrease or increase 
as the reaction proceeds. This may proceed from a variety of causes. 
The reaction may be accelerated or retarded by a product of the reaction, 
or a catalyst may be activated or deactivated by such a product. A 
catalyst may deteriorate. The analytically determined concentrations 
may not be the effective concentrations, etc. Many investigators have 
considered only a limited range of the reaction in reporting rate con¬ 
stants, e.g., they have based their comparisons upon the rate of trans¬ 
formation of the first 10 or 20 per cent of the reactants or upon some 
other portion of the reaction rate curve. Authors are particularly 
likely to duoegard the latter part of the curve since “side reactions” 
and the influence of the accumulated reaction products are particularly 
malignant as the reaction slows down. 

Sevmity of Conditions and Comparisons of Chemical Reactivity. 
The methods for the comparison of chemical reactivity illustrated above, 
whu^ involve either the determination of the concentrations of the 
eeaetants at equflibrium or the comparison of rates of reaction, are sus- 
oeptible of precise mathematical formulation and statement. There 
are, however, numerous useful comparisons which can hardly be stated 


except in a qualitative form. These latter methods are not satisfactory 
|pMn the standpemt of theoretical chemistry, yet they are repeatedly 
■f|^sed in teaching and in research. These methods depend upon a oom- 
p^riaon of the severity of the conditions imeessary to induce a given 
|fpiofreaeti<mtooeeur. The results are stated in tmis of the tempera- 
eonceatmtion of leagmt, pressure, “activity” of <he reagent 
etc., reqmzed to bring about a given leaeiaiHu 


>■'4 
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For example, Norris and some of his associates have measured 
the temperature at which various substituted malonic acids 
(HO 2 CCHRCO 2 H), ethers of triphenylcarbinol (CeH 6 ) 3 COR, and ^ters 
of triphenylacetic acid (CaH5)3CC02R begin to decompose.** Norris 
states, “If the ethers are arranged according to decreasing stability 
toward heat, the alkyl radicals fall in the order methyl, ethyl, 7 i-butyl, 
isoamyl, ^phenylethyl, w-propyl, isobutyl, benzyl, isopropyl, sec.-butyl. 
This order, with one exception, is the same as that obtained as the result 
of the study of the lability of the oxygen bond in alcohols (H—OR) as 
measured by the velocity of the reactions between the latter and 
p-nitrobenzoyl chloride. The two independent methods based on 
different types of reactions lead to the same conclusion as to the effect 
of radicals on the lability of bonds.” A similar statement holds true 
for the effect of R upon the temperature of decomposition of the sub¬ 
stituted malonic acids. 

Similarly, the relative stability of primary, secondary, and tertiary 
alcohols towards dehydration may be stated in terms of the tempera¬ 
ture required to obtain a detectable amount of reaction. For example, 
under specified conditions the temperature required for the dehydra¬ 
tion of ethyl alcohol is 60° to 60° higher than for isopropyl alcohol.® 
Aryl chlorides resist hydrolysis under conditions of temperature and 
reagent that would bring about a rapid reaction with alkyl halides. 
teri.-Butyl chloride may be completely hydrolyzed at 25° while isobutyl 
chloride is quite stable. Monoalkyl-acetoacetic esters are hydrolyzed 
at 200° by water; dialkyl-acetoacetic esters do not react at all under 
these conditions.** 

The concentration of reagent required for a given transformation is 
sometimes used as a means of comparison. For example, the concen¬ 
tration of sulfuric acid required for the absorption of alkenes is a func¬ 
tion of the structure of the latter. A progressively less concentrated solu¬ 
tion of sulfuric acid is required for the absorption of the series of alkenes 
having the skeleton structures:” C==C, C—C==<3, C— -C —0==C, 
Q 0=0—C, C—C=C C^—C=C—C. Dialkyl-acetoacetic esters or 


C C 

l,3-<iiketones may be cleaved by an amount of sodium ethoxide which 
is but a small fraction of that necessary for the cleavage of monosub- 
stituted esters or diketones.** 

For referanoe to Norris, Young, Thompson, Tucker, and Croaswdl, see /. Am. Chem. 
Sot.. «e, 423 (ieS4). 

** Adkins and Perkins, Snd.. 47, 1163 (1925). 

For »—■ references to work of Adkins, Kuta. Connor, Wojdk, IsbeD, and Beot 
•U«% sw Arid., M, 3676 (1934). 

' and Schuier, 9nd., 62, 721 (1930). 
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The type or activity of a reagent (or catalyst) necessary for aooom- 
I^ifhing a given reaction may be a ireful means for the comparison of 
relative chemical reactivities. For example, ^egler and Thielmann 
found that 40 per cent sodium amalgam did not react with tetraphenyl- 
ethane while sodiiun-potassium alloy cleaved the hydrocarbon (p. 610). 

Comparison of Chmnical Reactivities on die Basis of Relative Rates 
of Conmetitive Reactions. All the above methods for the comparison 
of relative chemical reactivities rest on the assumption that only a sii^e 
set of reaction products is formed. A more complicated situation is all 
too often encountered in which a comparison of chemical reactivity 
must be based on the relative amounts of different sets of products. 
Under this head come numerous comparisons of chemical reactivity. 
Several illustrations of these competitive reactions which have been 
studied for a series of compounds are given below. 

Pyridine and Att^ Bromides. Nollcr and Dinsmore ^ studied the 
rates of reaction of several alkyl bromides with pyridine. The two 
main reactions are the formation of pyridine hydrobromide and alkene 
and the formation of alkylpyridinium bromides, e.g. 

, CiHsNHBr + CH*=CHs 

CiHsBr + < 

^ C»H6N(Br)Cdl» 

The reactions were followed by titrating samples at suitable intervals 
for acidity (phenolphthalein) and for bromide (Volhard). The rates 
of each of the competing reactions were calculated from these data by 
a graphical method. The results are summarized in Table XVII. 


TABLE XVII 


Rates or Rbactionb or Ai.ktl Bboioobs amo Ptbiddcb (148.8°) 


Pyridine Hydrobromide Alkylpyridinium Bromide 


Alkyl Bromide 

fci 

Relative 

Rate 

kt 

Relative 

Rate 

Ethyl 

0.008 

1.5 

0.200 

2.1 

n-Pit^yl 

0.003 

1.5 

0.129 

1.4 

Isopropyl 

0.020 

10.0 

0.013 

0.14 

n-Butyl 

0.002 

1.0 

0.004 

1.0 

Isobutyl 

0.003 

1.6 

0.007 

0.07 

•ec.-Butyi 

0.027 

13.5 

0.008 

0.09 

<«r(.-Bu^ 

1.75 

876.0 


.... 


^ Hiese data dtow the greater iend^<y of secondary and eiqiedaSy 
bromides to lose hydrogen bromide and the slownfias of the 

) *4]ff)^Qer«iid Diannorei MT.. M, 102S (1932). 
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addition of these latter halides to nitrogen. The reactivity of the four 
primary bromides appears to be of the same order of magnitude, the 
variation in relative reactivity between the extremes of n-butyl and 
ethyl bronude being as 1 to 2. 

Fonnation of Cyclopropane Derivatives. Three major products are 
formed when an a-bromoglutaric acid (I) is treated with concentrated 
alkali, e.g., the formation of a derivative of cyclopropane (II) (p. 86), 
an hydroxy acid (III), and an unsaturated acid (IV). 


CHBrCOjH CHCOjH CHOHCOsH CHCOjiH 

I +1 +11 

CHj—CH2 COsH CHi—CHCO2H CH2CH2CO2H CHCH 2 C 0 *H 

I II III IV 


Ingold compared the yields of these three types of products as 
obtained from glutaric and two substituted glutaric acids. The yields 
of compounds II, III, and IV from these acids were as follows; 



II 

III 

IV 

<*-Bromoglutaric 

47% 

16% 

3% 

ff-Bromo-d-methylglutaric 

64 

8 

9 

a-BronKH3,i8-dimethylglutaric 

84 

4 

0 


He interpreted the larger yields of cyclopropane derivative from the 
a-bromo-/3-methyl- and especially from the a-bromo-/3, /5-dimethylglu- 
taric acids as an indication of the effect of methyl groups in increasing 
the stability of the cyclopropane ring. 

Alkyl Halides and Silver Nitrite. The proportion of alkyl nitrites 
and Tiitrnpamffins produced by the reaction of a metallic nitrite and an 
alkyl halide is a function of the particular metal, of the halogen, and of 
the alkyl group involved. A summary of the yield and proportion 
of isomers produced by the reaction of various alkyl iodides and bromides 
with silver nitrite is given in Table XVIII.‘° 

The results may be simunarized as follows: A larger proportion of 
nitro compound was produced from the bromides than from the iodides 
with the exception of sec.-butyl bromide. Isoamyl bromide gave more 
than twice as large a percentage of the nitro compound as did the iso- 
amyl chloride. Primary baUdes containing a branched cham did not 
give as high a proportion of nitro compound as did the strai^it-chain 
compounds, ’ if the halogen in the alkyl halide is on a s^ndary rarton 
atom, the amount of formation of the nitro compound is materially less 


• Tngnis, /, Chm- SOC; Wl. 26™ (1922). 

BwaoM# and Adtow, J. Am. CKm. 3oe., til, 27» (1829). 
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TABLE XVIII 

YiKU)8 or NlTKOPARAFrlN AND AUCTD NiTBITBB 

Iodides Bromides 



Mixed 

Nitro 

Mixed 

Nitro 

Alkyl 

Isomers 

Compound in 

Isomers 

Compouud in 

Radical 

Isolated, % 

Mlxtiue, % 

Isolated, % 

Mixture, % 

Allyl 



74 

80 

»t-Propyl 

86 

67 

86 

77 

«ee.-Propyl 

72 

32 

78 

40 

n-Butyl 

85 

61 

88 

78 

Isobutyl 

76 

40 

77 

58 

«ee.-Butyi 

70 

32 

68 

30 

lert.-Butyl 



60 

48 

Isoamyl 



78 

67 

n/-Heptyl 



04 

71 

«ee.-Ootyl 


.. 

82 

34 


than for the corresponding primary or tertiary alkyl halide. It cannot 
be said that there is, in general, either an increase or a decrease in pro¬ 
portion of nitro compounds with increasing molecular weight of the 
alkyl group. The results obtained with allyl bromide indicate that 
unsaturation has little or no effect on the ratio of isomers formed. The 
highest yields of the mixed isomers were isolated from the reaction of 
normal alkyl halides, the yield increasing with lengthening of the chain 
in the bromides. 

The order of increasing rate of reaction of the alkyl halides is allyl, 
tert.-butyl, scc.-alkyls, isoalkyls, and n-alkyls. The iodides reacted more 
rapidly than the bromides. Butyl and isoamyl chlorides reacted more 
slhwly than the corresponding bromides, and isoamyl chloride gave a 
much lower yield of the nitroparaffin than the bromide did, and even 
lower than the iodide of a amilar alkyl radical. 

Competitive Reactions in the Pinacolone Rearrangement (p. 1017). 
Pinacols containing two different substituents R and R' may upon 
rearrangement ipve two different ketones, depending upon whether R 
or R' migrates, e.g., 


R 

R'—C—OH 
1 

I 

R 


R R 

R'—C—R R'—C—E' 

1 or 1 + H,9 

R'-—C«0 R— 


ititotmn of theatinsature of R smd R' to the ratio of ketones 
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has been the object of numerous investigations. The status of fhe 
problem in 1930 and 1933 is well summarized in the Annual Reports 
of the Chemical Society (London) for those years. 

Bachmann has extended our knowledge of the reaction in a very 
significant fashion which will be considered in detail. First may be 
considered the rearrangement of symmetrical pinacols of the type indi¬ 
cated in the formula above. The proportion to which various groups 
migrated in 24 pinacols of this t 3 fpe is given in Table XIX. 

TABLE XIX 

MlOKATlON OF GhOCPS IN StMMETBICAL PiNACOLS 

(Results are mostly from Bachmann but include data from Montagne, Bailar, 
Beale, and Hatt.) 


R 

% 

R' 

% 

p-Tolyl 

94 

Phenyl 

6 

p-Tolyl 

58 

p-Biphenyl 

42 

p-Tolyl 

3 3 

Anisyl 

96.7 

p-Tolyl 

90 

m-MeO-phenyl 

10 

p-Tolyl 

3 

Phenetyl 

97 

p-Tolyl 

76 

p-Et-phenyl 

25 

m-Tolyl 

66 

Phenyl 

34 

*n-Tolyl 

13 

p-Biphenyl 

87 

<>-Tolyl 

0 

Phenyl 

100 

p-Et-phenyl 

83 

Phenyl 

17 

p-tso-Pr-phenyl 

90 

Phenyl 

10 

Anisyl 

98 6 

Phenyl 

1.4 

Anisyl 

96 8 

p-Biphenyl 

3.2 

jn-MeO-phenyl 

13 5 

p-Biphenyl 

86.5 

o-MeO-phenyl 

23 

Phenyl 

77 

Phenetyl 

99 

Phenyl 

1 

p-Cl-phenyl 

40 

Phenyl 

60 

m-Cl-phenyl 

0 

Phenyl 

100 

m^H^henyl 

0 

p-Biphenyl 

100 

o<3-pheDyl 

0 

Phenyl 

100 

p-Br-phenyl 

42 

Phenyl 

58 

p-Br-phenyl 

4 5 

p-Biphenyl 

95.5 

m-Br-phenyl 

0 

Phenyl 

100 

p-Br-phenyl 

0 

Phenyl 

100 


Table XX gives the “migration aptitudes” of the various radicals 
(as referred to phenyl equals 1), calculated by Bachmann from the 
figures in Table XIX. For example, the p-tolyl radical migrated to the 
extent of 94 per cent and the phenyl to the extent of 6 per cent. The 
migration aptitude of p-tolyl is 94/6 of that of the phenyl or 15.7. 

W, M For refer«nc«., see Baohnumn, and Stemberger. ibW.. 170 (1034). 

XJ 
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TABLE XX 


Miqration ApTirnDEB m Stumutbical Praixx>u 
(BachznfiHB) 


Anisyl 

400 

Phenetyl 

400 

p-Tolyi 

16.7 

p-Biphenyl 

11.6 

p-Isopropylphenyl 

9 

p-Ethylphenyl 

6 

f»-Tolyl 

1.9 

m-Methoxyi^ieiiyl 

1.6, 1.8 


Phenyl 

1.0 

p-Iodophenyl 

1.0 

p-Bromophenyl 

0.7 

p-Chlorophenyl 

0.7 

o-Methoxyphenyl 

0.3 

m-Bromophenyl 

0 

i».Chlorophenyl 

0 

o-Bromophenyl 

0 

o.Chlorophenyl 

0 


Table XXI shows the extent to which R and R' migrated in seven 
pinacols not previously studied as compared with the migrations as 
predicted from the figures in Table XX. It is obvious that there is an 
extraordinarily close agreement between the ratio of products predicted 
and found. In other words, the “migration aptitudes” appear to be 
independent of the particular symmetrical aromatic pinacol involved. 


TABLE XXI 

COMFABISON OF PrEDICTB® AXD ACTUAt MIGRATIONS 
(Bachmazm) 


Groups 

Predicted 

Found 

Groups 

Predicted 

Found 


'% 

% 


% 

% 

p-Tolyl 

67 

58 

Phenetyl 

99.8 

99 

p-Biphenyl 

43 

42 

Phenyl 

0 2 

1 

wi-Tolyl 

14 

13 

p-Bromoph«ayl 

6 

4.5 

p-Biplumyl 

86 

87 

p-Biphenyl 

94 

95.5 

Anisyl 

97.6 

96.8 

p-Ethylphenyl 

24 

25 

p-Biphenyl 

2.6 

3.2 

p-Tolyl 

76 

76 




p>Biphenyl 

100 

100 




m-Chloropbenyl 

0 

0 


Quite £ipierent result was obtained when the migration aptitudes 
of unsym^^cal innaools R2C(OH)C{OH)Rs were stuihed, fmr ha-e 
ih# rebitive rate of migraUcm of R' and R » oomi^csted by the effect 
radicals in detmniniog; whether the oxygen diminated to form 
comes from the carbon atom carrying R' or R. Table XXII 
tibe relative anmunts of migration cf varioos radicals in mdr 
pinjMx^ and Table XXIII the migpradon ajrdtotltea 
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calculated from the data in Table XXII. It wiU be noted that the 

miration ^titudes are not mdependent of the structure of the pinacol 
used as a basis of comparison. 


table xxn 


Mioration of Groups 

IN Unbtmmbtbical 

PiNAcois [Rj!C(OH)C(OH)R'j] 

R 

(Bachmann) 

% 

R' 

% 

Anigyl 

28 

Phenyl 

72 

Phenetyl 

33 

Phenyl 

67 

p-ToIyl 

49 

Phenyl 

61 

m-Tolyl 

60 

Phenyl 

so 

p^l-phenyl 

43 

Phenyl 

67 

p-Biphenyl 

64 

Phenyl 

46 

p-Biphenyl 

58 

TO-Tolyl 

42 

Anisyl 

45 

p-Tolyl 

56 

Phenyl 

78 

Biphenylene 

22 

»n-Tolyl 

54 

Biphenylene 

46 

p-Tolyl 

14 

Biphenylene 

26 

Anisyl 

2 

Biphenylene 

98 

Phenetyl 

4 

Biphenylene 

96 


TABLE XXIII 

Mioration ApnruDEs in Unstmmeteicai. Pdjacois 


Group 

(Bachmann) 

( 0 ) 

(i>) 

Anisyl 

0 39 

0.006 

Phenetyl 

0.49 

0 012 

p-Cl-phenyl 

0.76 


P-Tolyl 

0.96 

0 046 

Biphenylene 

.... 

0 31 

m-Tolyl 

1.00 

0 33 

Phenyl 

1.00 

1.00 

p-Biphenyl 

1.18 


me (a) are Croa phenyl and tolyl pinacols; thoee in 

(6) are from pi&aoole oontain- 


ioc bilidwnjAaiis, 


/C9H4 

R,C(0H)C(0H)<Q^^ 


Competitioii in the Reaction of Two Alcohols or Amines with Phenyl 
Isocyanate. Davis, Famum, and Ebersole ** have made agnificaht 
studies with respect to the relative rates at which various pairs of alco¬ 
hols or amines reacted with phenyl isocyanate. 

CeH»NCO + ROH -♦ C«HjNHCOsR 
C^EUNCO + RNH* C,H*NHCONHR 

• * pMBiaa, and Ebersole, Md., M, 883, 88® (1934). 
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Hiey allowed one equivalent of {^enyl iaocyanate to react with a mix- 
tare of one equivalent of each of two alcohols (or amines) end then 
determined the relative amounts of the two possible products. 

They conclude that “the relative velodties of the primary alcohols 
ethyl, n^-propyl, n-buiyl, isobutyl, and n-amyl have been found to lie 
between 0.7 and 1.0, those of sec.-propyl and 8ec.-butyl alcohols to be 
about 0.3B, and those of tert.-butyl and tert.-amyl to be less than 0.01 of 
the relative reaction velocity of methyl alcdiol. The relative reaction 
velocity of aniline is about 0.5, and those of ethyl-, n-propyl-, n-butyl-, 
and n-amylamine between 8 and 10 times that of ammonia. The effect 
of the ethyl, n-propyl, 7i-butyl, and n-amyl groups upon the reactivity 
of Uie primary alcohols toward phenyl isocyanate is proportional to 
their effect upon the reactivity of the primary amines toward the same 
reagent.” 

Competition in the Cleavage of 1,3-Diketones. An unsymmetrical 
1,3-diketone may cleave to give either of two sets of products, e.g., 

, RCOtH + CHjCOR' 

H*0 + RCOCHjCOR' < 

^ R'CX)JH + CHjCOR 

Bradley and Robinson " studied the hydrolysis in a 1 per cent sodium 
hydroxide solution of a number of diketones in which R and R' were aryl 
groups. A summary of their data is given in Table XXIV. They con¬ 
clude that “With two exceptions the stronger of the acids which might 
be formed was found to be produced to the greater extent.” 


TABLE XXIV 

Clbataoe op 1,3-DixiiTONXB ROOCH|CX>R' 
(Bntdley and Robinson) 


R 

R' 

RCOtH 

Phenyl 

o-Metboxypbenyl 

18 

Phenyl 

iTHMetboxyphoiyl 

38 

Phenyl 

p>Methoxyphenyl 

60 

Phenyl 

p-Isopropoxyphemyl 

67 

Phenyl 

m-Chloro{d>eDyl 

S4 

Pboiyl 

p-Chlorophenyl 

36 

PhenJ®& 

m-Nitropbenyl 

18 


p-Nitrt^henyl 

19 

Phenyl ’ 

2,4-l>ii:aethoxypbegDyl 

25 

Phenyl 

8,4>Dimethoxypheoyl 

4& 

Phenyl 

^4,5-Trim«thoxyph0:iyl 

SI 

P-Methoxypjimyl 

ns-Methozyphenyl 

21 

3,4-DiineUM^b'ldienyl 

m-McUunq^ldtenyl 

60 


p^ethoxypbffiiyl 

66 


• RoUawa. /. Chm. 





COMPARISON OF CHEMICAL EBACTIVITy 


1071 


The alcoholysis and hydrolysis, under various conditions, of a iimn« 
b«r of aUpbatic diketones have also been studied.** A summaiy of the 
data is given in Table XXV. With these compounds it does not appear 
that the stronger of the two possible acids (or its ester) is produced in 
the greater proportion. The experimental conditions during cleavage 
modified the ratio of cleavage products. The cleavage occurs on the 
tmenolized side of the diketone so that the direction of enolization is an 
important consideration in determining the point of cleavage of the 
molecule. 

Bartlett has written significant papers in describing his studies of 
competitive rates in the enolization of ketones.** 


TABLE XXV 


ClXAVAGB OF 

Unstmmetbical Diketonbb CHjCOCHjCOR 


CHaCOjH 


CHjCOsH 


(or Ester) 


(or Ester) 

R 

% 

R 

% 

n-CsH? 

43* 

ferl.-CiH* 

90* 

n-CjHT 

49 t 

ferf.'C4H9 

75 Sort 

rhCijHT 

62 t 

tert.-CiJit 

91 * 


64t 

fert.-C4H9 

58t 

n-C«H» 

61 • 

Puryl 

100* 


55t 

Furyl 

loot 

t’ep-C^H* 

66t 

Cyelohexyl 

631 

U 04 D 4 HS 

68§ 

Cyclohexyl 

68* 


65* 

Phenyl 

loot 

WP 4 II 4 H 9 

67 t 

Phenyl 

SO i 

8«.-C4H9 

81 * 

Phenyl 

100 • 

eec.-C4H9 

62 t 




• EtOR HOI ttt v j at Bfi* 

t Ctoe per cent *<jueoiis eolntiod of eoiiim hydroxide »t 60 . 
i Dry Eton IB brMl container «t 200 . „ 

i Etou + tr»«« of aiuBunuin ethovde at . 

Competitioii in the Cleavage of Unsymlnetrical Diarylmerc^ 
Compounda. Kharascb and his associates** have made an e^nsive 
comm^ of the amounts of products obtain^ by the reaction of 
hydrogen chloride with unsymmetncal diarylmercury compounds 
(p.619). Thetypemactionis: 

** Bartlett and Stauffer, J. ITefwer. Sher, Rein- 


m . 
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If it be BBStu&ed that tihe more dectamegative radical umtea with the 
hydrogen, th^ the rdative amoonta of BH and R'H fonned (or of 
R'HgQ and RHgCl) are a measure of the relative electronegativity 
of R and R'. Upon this baas Kharasch has concluded that, in order 
of decreasing *‘dectronegativity,” certain radicals may be listed as 
fdlowB: p-methm^iphenyl, o-methoxyphenyl, of-naphthyl, o^tolyl, 
p-tolyl, M-tolyl, phenyl, p-dhlorophenyl, o-chlorophenyl, m-chlorophenyl, 
2,4-<£dil(noi^>enyl, 2,5^chlorophenyl, methyl, ethyl, n-propyl, n-butyl, 
»-l»ptyl, benayl, /3-phenylethyl, p-chlorobenzyl, o-chlorobenayl, and 
m«chlorobenayl. 

Kharasch calls attention “to what to me is an extremely important 
and striking generalization, namely, that the electronegativity of any 
radical which can be made by the direct introduction of a substituent 
into an organic radical ia lower than that of the parent substance. 
Thus the chlorophenyl radical is much weaker in electronegativity than 
the phenyl and the dichlorophenyl radical is still lower in electronega¬ 
tivity. The para-, orUuh, and meta-chlorobenzene radicals are lower in 
electronegativity than the benzene radical. The conclusion one would 
draw from these data is that whereas by superficial examination of sub¬ 
stituted molecules one viewpoint predicts that the molecule should be 
more electronegative than the parent substance while the other that it 
should be less electronegative, the latter view would probably be true 
in most cases.’’ 

'There is a superficial resemblance between the method for comparing 
radicals noted just above and, for example, Conant’s method of deter¬ 
mining the relative strength of two weak acids by allowing a molecular 
equivalent of each to compete for one molecular equivalent of sodium. 
However, there is a fundamental difference between the two methods 
in that the latter involves a reversible reaction while Kharasch’s depends 
up(m non-reverable reactions. 

Isterpiretation of on Relative Chemical Reactivity. An un- 
portaut limitation upon the inteipretation of data bearing upon relative 
chemical reactivity is that frequently the experimenter does not know 
exactly what he is measuring. In all studies of the variation in the con- 
oeitdretion at with variation in the structure of the reactants 

ihcTO is a stro^ probability that the concentrations as measured will 
not be the true concentrations or activities. This is true because of the 
pi^alence of molectular assodation among oiganic compounds, es- 
^ 0 |iidly those containing oxygen and nitrogen, whidh are of the most 
UipeaL Furthermore, ^lere are few, if any, ample equilibria among 
qqlrthp reactuHis. For exampter the reaeri<m of an aldehyde with an 

V. 


•) ■c' 
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aloohol to form an acetal certainly involves at least tluee oquil^isa 
besides Uiose concerned with the catalyst. 

ECHO + R'OH RCHCOHICORO 
RCH(OH)(OR') + R'OH ^ RCH(OR')* + H,0 
ECHO + HjO RCH(OH)j 

It is possible, of course, to measure the effective concentrations by a 
determination of the vapor pressures of the components of the equi¬ 
librium mixture. 'This has been done for a few reactants, but it is not 
practical to do so for an extended list. It may be that the complexity 
of the acetal reaction is unique, but it is equally probable that its com¬ 
plexity is only more apparent than that of some other reactions. 

A similar situation arises with respect to rate studies, for in these 
the reaction measured is the slowest one involved and if several steps 
are concerned it is by no means certain that the slowest reaction with, 
let us say, benzyl chloride, is the same step in the chain as the slowest 
reaction with, let us say, dodecyl chloride. 

A reply may be made to such criticisms to the effect that the organic 
chemist is not concerned with that mystic realm that never was, in 
which all solutions and gases are ideal, and which corresponds to a 
mathematician’s dream. Rather is he concerned with a world of physi¬ 
cal reality in which the solutions he uses are far from ideal, in which 
association and catalytic effects are coupled with a multiplicity of side 
reactions. The organic chemist wishes to know, first of all, something 
about the relative rates of reaction of various alkyl halides, for example, 
from whatever sources these differences may arise. Secondly, he would 
like to know what are the differences in molecules which result in differ¬ 
ences in rates of reaction. Kharasch, Reinmuth, and Mayo in reference 
to disregarding aU experiments which do not serve for the calculation 
of free energy changes very aptly remark: “While it is eminently safe 
and respectable in that it never permits one to make any mistakes, it is 
also eminently sterile in that it seldom permits one to do anytlung.” 
And it has been said that “The notion of absolute aridity as distinct 
from the relative activities of some particular acid in two different sol- 
vents, must be relegated to the limbo of seductive but meaningtess 
fiction.” 

Altb/vugb the point of view expressed above amply justifies experi¬ 
mental comparison of the chemical reactivities of a series of compounds 
by any of the various methods, yet one should not attempt to draw 
from such data with a tacit assumption of idfiality. 
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iaisly om diould not mix indiscriminately oondnaons drawn upon the 
bam of equilibrium in a reversible reaction with oondusions resting 
upon measurements of rates of reaction or upon the severity of conditums 
required to accomplish a given type of transformation. These various 
idienomena are, of course, related, and Norris, for example, has shown 
a parallelism between the order of chemical reactivity of a series of 
substituents as measured by rates arid severity of conditions required 
for a reaction to occur. 

The facts given above with respect to rates and equilibria in the 
formation of semicarbazones and acetals and in the migration of double 
bonds show that there is no correlation between the rate of a reaction 
and the decr^se in free energy or extent of the reaction. This, of 
course, is not saying that there is no connection between the rate of a re¬ 
action and thermod 3 mamic 8 (Chapter 23). It is merely stating that the 
driiring force or decrease in free energy is only one of the factors deter¬ 
mining reactions, and that in many reactions it is not a very important 
one in determining rates of reaction. Space factors, the a term in van 
der Waals’ equation, and orienting or activating characteristics, etc., may 
play the determining role. The statement made above does mean that 
it is certainly unsafe to attempt to draw definite conclusions as to eleo- 
trorac structure (Chapter 25) on the basis of results obtained from 
studies of rates of reaction. In fact as Lapworth and Manske have pointed 
out, “It ehould be realized from the outset that the primary interior 
effect of a given substituent on an atom varies even in sign with the 
nature of the atom at which substitution takes place.’’ 

The interpretation of data on relative chemical reactivity based 
upon competitive reactions is particularly hazardous. This is true 
beiXiuse rates of reaction and particularly relative rates of competitive 
reaeticHts are so sensitive to the experimental conditions of temperature, 
solvent, catalyst, etc., and to apparently minor differences in the physical 
and chemuxtl characteristics of the particular species of molecule under¬ 
going reaction. Particularly striking evidence upon this point has come 
to %ht in connection with the addition of hydrogen bromide to an 

» ECHBrCH, 

aUtene, Le., RCEfoCHs + HBr ^ . A great many experi- 

> ^ ECHsCHjBr 


moots over a long pmod of time indicated that the bromine would 
n}w||y8 add to tim leoondary carbon as indicated in the first reaction. 
Sc^lwver, Kharawh- and Mayo have shown that, writh butene-1, dither 


or fir-butyl bromide may be obtained dependk^ upon whether 
tiit&ii^ction mixture contiuns diphenylamine or ben»^ peroxide. 

not a remsal the direction of addition is Obtained dOrv 



C50MPABIS0N OF CHEMICAL BEACTIVITY 


1076 


peads upon the solvent, the reagents, and the structure of the alkene 
involved." Among other illustrations to the same end may be dted the 
following: The ratio of cleavage products of the unsynunetrical l,8-dik6- 
tones is distinctly modified by changes in the conditions of reaction 
(Table XXV). De Ceuster has shown the same statement to be true 
with respect to the cleavage of unsymmetrical simple ketones by sodium 
amide, sodium hydroxide, etc.” 

The ratio of alkyl nitrite and nitroparaffin produced by the reaction 
of an alkyl halide and silver nitrite bears little relationship to the electro¬ 
chemical character of the particular alkyl group and halogen involved. 
The proportion of ortho-, metor, and paro-compounds produced by sul- 
fonation, nitration, or halogenation of benzenoid derivatives is pro¬ 
foundly modified by the reagent and experimental conditions. In con¬ 
trast with these reactions are the beautifully consistent results obtained 
by Bachmann on the relative migratory aptitudes of radicals based upon 
the rearrangement of symmetrical tetraaryl pinacols. 

The lack of a consistent relationship between the ratio of products 
formed in competitive reactions and the relative stability of the prod¬ 
ucts from the standpoint of energy relationship, electrochemistry, 
and thermodynamics is very certain. For example, it is well established 
that the rings in cyclic ketones (p. 105) containing six or more carbon 
atoms are of approximately equal stability when once formed. Yet 
there is a great variation in the relative yields of such ketones obtained 
by heating a salt of a dibasic acid, depending upon the number of car¬ 
bon atoms in the chain of the add and other factors. Ruzicka " has 
pointed out that the yield of ketone obtained is perhaps a function not 
only of the stability of the ring (which is constant for six or more car¬ 
bon atoms) but also of the distance between the ends of the chain in the 
open-chain compound.* 

However, the present author does not wish to suggest that the study 
of competitive reactions will never show the relative strength of bonds, 
relative electronegativity, etc., but only that such a comparison cannot 
be depended upon to do so. For example, Kharasch believes that the 
proportion of two hydrocarbons resulting from the cleavage of mercury 


* For referenoes see Kharaaeh and McNab, J. Am. Chem. Soe., 6T, 2463 

Mayer, and Walter, ibid.. •», 926. 1646 (1934); Whitmore and Home^. f® 

(IW i UMtead and Rydon. Nature. 18*. 643 (1933); Ashton and Snuth, J. Chem. Soc.. 
1908 An^ RtpU. Chem. Soe. (London), 36, 219 (1939). 

^ TiJdschr.. li. 188 (1932) IC. W, 4323 (1933)3. 

« Rtuicka and oo-workers, Hein. Chim. Acta, 9. 612 (19^). 

• It may be that the relative yields of cyclopropane dwivativea^bM^^by Ingold. 
aoMd aariiw in Ulis (iapter, are really a measure of the relaUve sta^ of the cydo- 

Tinas formed. Nevertheless, the method is one of duWoue vahia. 
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derivatives (B—Hg—RO widi hydrogen chbride is independent of 
e]t|>erimentai conditions and so serves to compare the relative “electro* 
negative” oharaotea- of R and R'. K this be true, and the use of the 
tables of relative reactivities so obtained serves to rationalize a variety 
of experimental findings, then the method will have been of great service, 
for, as Khaiasdi remarks, “The true value of a theory or hsrpothesis 
must be determined by its utility and is in no way related to the debating 
prowess of its proponents.” 

There is no intention on the author’s part of minimizing the impor¬ 
tance of studyii^ the relative rates of competitive reactions. Quite the 
contrary view is held, for apparently in no inconsiderable degree the 
progress of organic chemistry lies through such studies. In fact, one 
of the most important groups of problems in organic chemistry is con¬ 
cerned with the control of the ratio of competitive reactions. It is a 
maUer of hope and of satisfaction to know that in a great many reactions 
the ralio of reaction products is not determined by the laws of thermo¬ 
dynamics, but that it may be modified more or less in accord with the 
desire of the chemist. The chemist in this field of experimentation is 
not like the engineer of a locomotive who must drive where the rails 
lead; rather is he like a man at the wheel of a car who has many roads 
open to him to be followed at his pleasure. 

It was stated above that this chapter was not concerned with the 
development of “models which have properties analogous to those of 
the jienomena” of relative chemical reactivity. This lack of concern 
for hypotheses as to the mechanism of reactions, such as those of Ingold, 
for example,* should not be construed as any reflection upon the values 
of such hypotheses. It may be well therefore to end this chapter with 
anothear pertinent quotation from Langmuir.' 

“Skepticism in regard to an ateolute meaning of words, concepts, 
modris or mathematical theories should not prevent us from using all 
these abstractions in describing natural phenomena. The progress of 
phyrical chemistry was probably set back many years by the failure 
of the chemists to take Rill advantage of the atomic theoiy in describing 
riie phenomena that they observed. The rejection the atomic theory 
for this purpose iipas, I believe, based primarily upon a mistaken attempt 
to describe nature in some abmlute manner. That is, it was thou^t 
thi^ such ccmcepts as energy, entropy, temperature, chemical potential, 
etifp represented something far more nearly absolute in character than 
tito|tionoept of atcans and moleeales, so that nature should preferably be 
ilMI&ed in terms the fonner rath^ than the latter. Jfe mutt now 
however, fArd oM cf theee coneepta are hwnan ineentiiona emd 
<w Ret., IS. 33 & (ira4). ,. r' 
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no abaoluie independent existence in nature. Our choice, Uter^ore, 
cannot lie between fact and hypothesis, but only between two concepts (or 
between two models) which enable us to give a better or worse description of 
natural phenomena.* By better or worse we mean approximately sim¬ 
pler or more complicated, more or less convenient, more or less generaL 
If we compare Ostwald’s attempts to teach chemistry without the use 
of the atomic theory with a good modem course based upon the atomic 
theory, we get an understanding of what should be meant by better 
or worse.” 
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Abnormal addition, bisulfite to olefins, 
890 

sulfur compounds to olefins, 851 
thioacetic acid to olefins, 936 
to unsatrirated hydrocarbons, 41-43, 
47 

Abnormal reactions of Grignard reagents, 
1003, 1879-1881 

Abrine, 1227-1228 

Abrodil, 904 

Absorption spectra, 1774-1794 
anthocyanidins, 1326 
infra-red, 1778-1783 
detection of chelation, 1778-1783 
relation to resonance, 1786-1794 
usefulness, 1794 

visible and ultra-violet, 1783-1794 

Acetaldehyde, polymerization, 653-654 

Acetals, equilibrium and rates in forma¬ 
tion, 1046-1048 
formation, 653 
hydrogendysis, 822-823 
of sugars, 1678-1579 

Acetoacetic ester method of Dieckmann 
for formation of alicyclio com¬ 
pounds, 89-91 

Aoetofaalogen sugars, preparation, 1573- 
1674 

structure, 1673 

Acetomeeitytene, metallio derivatives, 
516 

Acetone and butyl alcohcd fermentation, 
1661-1662 

Acetonitrodueose, 1574 


Acetylenes, addition of alcohols, 658 
addition of organic acids, 668 
addition of water, 658 
electronic theory of addition to, 1907 
Acetylene tetrachloride, reaction with 
antimony fluoride, 949 
Acetylenic linkage, 657-658 
ozonolysis, 657 

Acid anhydrides, hydrogenolysis, 823 
Acid chlorides, rates of reaction with 
alcohols, 1055-1057 
reduction to aldehydes, table of, 809 
Acidic hydrogen, 533-538 
Acidities, of organic compounds, 1035 
relative, 533-538 

Acid rearrangements of sugars, 1638- 
1639 

Acids, see under individual members 
alicycUc, 110-111 
definition, 1858 
doubly unsaturated, 697 
fatty, direct fluorination, 946 
inorganic oxygen, addition to etbylenic 
linkage, 639 
strength, 1034—1035 
unsaturated, tautomerism, 1042, 10^ 
a,5-unBaturated, 681-685 
(5,7-unBaturated, 684 
7 ,5-unsaturated, 684 
very weak, 633-534, 1035 
Acrylate polymers, 760-763 
Acrylic acid derivatives, polymerization, 
760-763 

Activated charcoal as support for 
palladium catalyst, 786 
Activated complex in rearrangements, 
1028-1029 


Acetylene, addition of hydrogen fluonde, 
947 

dimeruation, 658 
Aoetylenea, see Alkynes 
adiSUon of acid dilorides, 658 


Activating ^eot, of sulftme group, 881 
885 

of sulfoxide group, 885 
of unsaturated groiqis, < 




Votnine I, pages 1-10T7; Volume II, pagee lOnKWS. 
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Aotavatioa of organometaSie ccmipoands, 
j^atodtemusal, 544-S45 
Activation thecHry, 1862 
Active hydrogen, 833-A38 
Active nuiecules in reanangements, 975, 
980 

Acyclic sugar structures, 1575-1581 
Acyl aaidee, rearrangement, 977 
Aeji flutnides, synthesis, 948 
A^^pyrroles, rearrangement, 976 
Addition polymmizaticm, 789-777 
mechanism, 771-777 
Additi<ai polymers, definition, 702 
Addition reactionB, dienes, 1913-1919 
dimerizing of defins by metals, 527, 
546 

electronic theory, acetylenes, 1907 
earixm monoxide, 1907-1908 
diasonium cations, 1907 
isooyanides, 1907-1908 
define, 1904-1906 
free radicals, 598 
hypohalous acids to defins, 1925 
metals to definic linkage, 526-529 
organometallic compounds, 498, 500- 
507, 611-612, 516, 626, 628-629, 
545-546,650 

to d^nic linkage, 626, 628-529 
sodium to defins, 526-529,1932 
1,4-Addition, as rearrangement, 1001- 
1002 

diene synthesis, 685 
hydrogen chloride to vinylacetydene, 
1002 

mechankm, 1882 

' organometallie compounds, 506-507, 
511, 545, 546 

to (xmjugsted systems, 666-667 
to cyclic double boitds, 673 
to dienes and enynes, 667-670 
to 1,2-diketoims, 671 
tohmg conjugated eystems, 693-699 
to polyenes, 885-687 
td unsatonded aekb and estem, 681 
idunsaturated alddqrdes and ketimes, 

. 672M)80 


1,8-Addition, in reductions, 694 
Additive {sroperties, definition, 1722 
Adrenal substances, 1510-1525 
allopregnam group, 1614-1519 
assay, 1511 
isolation, 1511 

A^-{aegiuuie groi^, 1519-1524 
principal members, 1512-1513 
structure and physiologicBl activity, 
1526 

Adrenosterone, 1516, 1620, 1624-1526 
Adyneiigenin, 1443 

Affinity of groups, relative, in rearrange¬ 
ments, 977 

Agluoons, see Cardiac afduoons 
anthocyanidius, 1316 
Agnosterd, 1392 

Alcoholic fermentation, mechanism, 
1664-1660 

sugars utilized in, 1654-1665 
Alcohols, competitive reaction with 
phenyl isocyanate, 1069-1070 
esterification by hydrogen fluoride, 947 
formation by hydrogenolysis of esters, 
827-831 

hydrogendysiB, 820-821 

optically active, Teairangement, 1000 

polymeric, 737 

rates of reaction with acyl chlorides, 
1056-1067 

rearrangements, 1012, 1023 
Alcoholysis, equilibria and rates, 1044- 
1046 

Aldehyde hydrate, 666 
Aldehydeqrhend polymers, 731-732 
Aldehyde resins, 660 
Aldehydes, addition of otgantHD^allio 
compounds, 500 
catalytic reduction, 803-805 
from acid cfalmides, taUe of, 809 
hydrogenation, table of, 803 
oxidation, 665-657 
pdymers of, 767-770 
reaction with hydrogen oyuiid% 1035* 
1038 

reactum witit meieiqitana, 849 
reactirm witii sulfinie aci^ 918 


|^5||8ditbn, to kmg conjugated QratcnB, 
I 890-694,607-699 
Ifdllimim, 698 


reaction with sdfraaiaidflib < 
reammgeawi^ 971 


VoiBBiei^fatM irlOtT; Yioiima, fagm lOTMiO*. 
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Aldrfiydw, reduction, 643-644 
by (bignard reagents, 602 
«,/J-un8atursted, 672-681 
oWeftj/do-d-Glucose pentaacetate, prep¬ 
aration, 1676 

oWeJij/do-Sugar acetates, 1576-1581 
Alder-Stein rule, 1376,1440 
Aldimines, 668-669 
catalytic reduction, 812 
Aldohexoees, 1633 
Alddization, 650-652 
involving nitro group, 662 
retrograde, 1122, 1124 
Aldonio acids, lactonization, 1538 
preparation, 1537-1638 
Aldopentoees, discovery, 1535 
Aldaximes, rearrangements, 1026 
synranH forms, 465 
AlicycUc acids, 110-111 
Alicyolic bicyclie compounds, isomerism, 
114-116 

Alicydic compounds, and theory of 
strain, 65-116 

formation by cyclisation, 74-96 
methods of opening ring, 101-103 
naturally occurring, 70-73,105 
UQsaturated, 111-114 
Alicyolic oxides, contraction in Grignard 
reaction, 612-514 

Aliphatic compounds, theory of strain, 
66-116 

Aliphatic diaso compounds, addition to 
UDsaturated esters, 682-683 
mesconeric effects, 1913 
Aliphatic halides, redistribution, 1810 
Aliphatic hydrocarbons, see wider t»- 
imdual members 
reactions of, 1-64 
Alkadienes, see Dienes 
addition of halogens, 44 
isomeruation, 6-7 
pdymerixation, 14 
substitutdon reactions, 44 
Alkali alkyls, deetronic structure, 1884- 
1886 

Alkali bisulfite, addition to asomethines, 

m 

additma to earbonyl compounds, 646- 


xifi 

Alkali bisulfite, addition to ethylsmln 
linkage, 642 

addition to olefins, 890-891 
addition to unsaturated aldehydes and 
ketones, 677-678 

Alkali cellulose, 1669-1672 
aging, 1672-1673 
instability, 1671 

Alkaline rearrangemente of sugars, 164(K 
1646 

Alkaloids, 1166-1268 
angostura, 1208-1209,1264 
anhalonium, 1209-1211 
areca nut, 1184-1186 
belladonna, 1194-1198 
betel, 1184-1186 
biogenesis of, 1252-1257 
calabar bean, 1230-1234 
castor-bean, 1186-1187 
cinchona, 1202-1208 
coca, 1198-1202 
ergot, 1243-1248 
Es^re bean, 1230-1234 
harmala, 1228-1230 
hemlock, 1178-1180 
hydrastis, 1211-1216 
hygrine, 1188-1190 
jaborandi, 1248-1250 
mescal, 1209-1211 
morphine, 1221-1227 
opium, 1216-1227 
pepper, 1180-1181 
pom^iranate, 1181-1184 
reagents, 1168-1169 
steroid, 1467-1468 
structure determination, 1170-1176 
strychnoB, 1236-1243 
tobacco, 1190-1193 
yohimb^ 1234-1236 

Alkanes, alkylation, 19-20, 23 
dealkylation, 20 
dehydrocyclisation, 28-30 
direct fluorination, 946 
halogenation, 32, 34-86 
isomerization, 2-3 
nitration, 48-51 
oxidation, 55 

Alkapolyenee, isomeriiataoi]; 8 

Alkenes, see also Qlefins 


TdIniBc 1| psges 1-1077; Vdome B, pages 107O-1MS. 
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AlkesMi Addition of halogou, 38, 43 
addition of hydrogen halides, 39-43 
addition oi nitrie acid, fil 
addition of nitrogen oxides, 62 
catalytic reduction, 797-802 
dehydrocyolization, 28, 30 
halogenation, 40, ^ 
hydration, 61 

hydrogenation, taUe of, 800 
isomerisation, 4r-6 
nitration, 51-^, 176-178 
oxidation, 69 
polymerization, 12 
substitution reactions, 36-37 
sulfbnation, 177-178 
Alkenynes, substitution reactions, 45 
Alkyd resins, 714 

N-A&ylanilines, rearrangement, 996 
N-Alkyianilinium salts, rearrangement, 
995 

Alkylation, mechanism, 21-24 
of alkanes, catalytic, 19-20 
thermal, 23 

of amines, 1233 footnote 
Alkyl bromides, and pyridine, com¬ 
petitive reactions, 1064-1065 
rates of reaction with piperidine, 
1067-1058 

fert-AJkylcarbinols, rearrangements, 
1023 

AOc^ chlorides, rates reaction with 
metallic iodidee, 1(^3-1056 
AJk]d halides, and silver nitrite, com¬ 
petitive reactions, 1065-1066 
direct fiuorination, 946 
optically ai^ve, rearrangement, 988 
Alkjd phenyl ethers, reanrangements, 
997,1023 

Aficyil^oTotee, reananganmt, 976 
Alk^ ladicala, 613-615 
effect on stal^ty of oooq^oands, 1063 
C-AlkjdstilbeBtrols, 1486 
ABcyl sulfuric acids, 640 
JToAJkjdtestosterones, 1487 
iffi^dxanthyls, 608-608 
, «ee Acetylenes 
1 of hydrogen Suoiide, 847 
. (A hydrogen halide% 47 
reduction, 



Alkynee, halogenation, 46 
iscHnnization, 8-0 
nitration, 63 
oxidatimi, 62 
polymerization, 18 
substitution reactiems, 46 
Alienee, 662-663 

mechanism of addition to, 1811-1814 
optical isomerism, 337-340 
rearrangement, 663 
AlZocholanic acid, 1412 
formation, 1350 
AUochdeeterol, 1303-1394 
Alloisolithobilianic add, thermal decom¬ 
position, 1369-1370 
Allolithobilianic acid, 14^ 
thermal decomposition, 1369-1370 
AUomerization of chlorophjdl, 1304-1305 
Allopregnane, 1489 
Allopregnane derivatives, 1490 
Afiopregnanediols, 1491 
AlZopregnanediones, 1493, 1494 
AZiopregnanetriola, 1493,1494 
AUopregnanolones, 1491, 1493 
Allopregnenediol, 1517 
Allopregnenediones, 1493, 1494 
AUopeeudooodeine, 1222, 1223 
AUylic rearrangement, 1004, 1006, 1018 
in 1,4-addition, 1916 
mechanism, 1880 
l-Allyl-2-nspbtb(d, 149 
Allyl^napbthyl ether, 149 
o-AUylpbeDol, 189 

AUyl phenyl ethers, medianiam of rear¬ 
rangement, 1882 
Allyltestoeterone, 1622 
Aluminum alkoxide, use in rodueticHi, 
676 

Aluminum chloride, structure, 1876 
Aluminum compounds, tee Organoaliim- 
inum crunpounds 

Aluminum isrqrropoxidi^ use in reduc¬ 
tion, 677 
Ameripol, 760 

AmideB, hydrogenolysis to amiaw, 831- 
833 

optically active, reamogeiiiiNit, 988 
Amine oxidea, optical iscmminii, 417- 
419 
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Amineii, alkylation, 1233 footnote 
aromatic, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 101, 192 
preparation from sulfonic acids, 894 
reactions of, 186-202 
competition with phenyl isocyanate, 
1069-1070 

coupling of tertiary, 196 
diaaotisation in hydrofluoric acid, 950 
formation by hydrogenolysis of 
amides, 831-833 
Hinsberg test, 898-899, 900-901 
methylation, 1189 footnoie 
reaction with unsaturated aldehydes 
and ketones, 679 
secondary, synthesis, 660 
tertiary, attempts to resolve, 403^404 
Amino acids, acylation, 1092 
amphoteric character, 1095 
analysis, 1090, 1092, 1126, 1134, 1142, 
1149 

carbobensoxy, 1117 
chemical reactions, 1090 
classification, 1081-1082 
configuration, 1085-1087, 1118 
deamination, 1101-1102 
decarboxylation, 1091, 1097, 1166 
dipolar ions, 1088-1090 
doctrophoresis, 1080 
esterification, 1090 
formaldehyde titration, 1087,1096 
formation of polyamides from, 722-724 
general properties and reactions, 1085- 
1104 

indispensable, 1083,1162 
isoelectric point, 1087-1088 
natural, 1079-1165 
optical activity, 1085-1087 
oxidation, 1100-1102 
preparation, general methods, 1104- 
1109 

raoemuation, 1093-1095 
Baman spectra, 1089 
reactions, with aldehydes, 1096-1098 
with ct-keto acids, 1097 
witk nitrous stdd, 1001 
witii (juittones, 1097,1098 


Amino acids, separation, 1082-1083 
solubility, 1087 
S3mtheBis, 1104r-1108 
titration, 1087,1090, 1096 
Amino alcohols, optically active, ro- 
arrangement, 987-988 
Aminocellulose, 1683 footnote 
Amino condensation products of sugars, 
structure, 1579-1580 
a-Amino-^-hydroxybutyric acid, 1123 
Amino sugars, 1613-1617 
Ammines, chelate derivatives, 1876 
organometallic, 553 

Ammonia, reaction with uusaturated 
carbonyl compounds, 679 
Ammonia 83 ^tem, see Liquid ammonia 
reactions 

Amolonin, 1456, 1457 

Amylene oxide sugars, definition, 1655 

Amyloid, 1695 

Anabasine, 1193 

Androgenic hormones, 1498-1610 
assay, 1498 
bisexual, 1509 

conversion to estrogens, 1608 
isolation, 1499, 1502-1503 
male, 1609-1510 
physiological action, 1508—1610 
principal members, 1500-1501 
related compounds, 1500-1501 
stereochemistry of the hyxlroxyl 
groups, 1504-1506 

structure and physiological activity, 
1508-1510 
testosterone, 1503 
transformation, 1606-1508 
li-ALAndroBtane derivatives, 1610 
Androstanediol, 1509 
Androstanedione, 1602 
A^-Androstenediols, 1602,1504,1509 
from dehydroandrosterone acetate, 
1504 

spatial configuration of hydrox/ 
groups, 1604 

A*-Andro8ten^one, 1S02,1610 
from testosterone, 1503 


nltition, 1109 


reduction to teotosterooe, 1629 
Androstwone, 1499, 1502,1604,1609 
preparation from idmlasterol, 1606 
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Angostwa aUcaloidB, ia0»-1209,1254 
Anhalaintne, 1210-1211 
Anhafidme, 1210 
Anhaliiiet 1210 
AaluJininc, 1210 
Anhalonidine, 1210 
Anhtdonine, 1210 
Anbalonium alkaloids, 1200-1211 
Anhydrides, polymeric, 736 
Anhydrostrophanthidins, 1440, 1442- 
1443 

Anhydro sugars, 1617-1623 
but^ezte oxide type, 1621 
ethytene oxide type, 1610-1621 
propylene oxide type, 1621 
Aniline, addition to quinones, 601 
Animal oeOulase, 1667 
Anionoid activity, 1860 


l,4*Antfaraquinone, stmture, 171 
Anthrone, tautomerism, 186 
Antiareginin, 1447 
Antimony compounds, 562-563 
Antimony fiuoride as fiuorinarii^ agent, 
048 

Antimony fluorochlorides as fluminating 
agents, 048 
Antioxidants, 667 
in addition reactions, 1015 
Apoatropine, 1108 
Apocholic acid, 1417 
Apoharmine, 1220 
Apoharminic acid, 1220 
Apomorphine, 1225 
Aponucine, 1240-1241 
Apoquinine, 1206 
Apoyohimbine, 1236 


Ansmne, 1158 
Anthocyanidins, 1316 
absorption spectra, 1326 
degradation, 1320-1323 
distribution, 1330-1331 
occurrence, 1330-1331 
{Koperties, 1320 

relation to othm* }dant products, 1328, 
1330-1331 


Arabine, 1220 

Arecaidine, 1185-1186 

Areca nut alkaloids, 1184-1186 

Arecdine, 1186-1186 

Arenobufagin, 1462 

Arginase, 1142 

Arginine, 1141-1142 

Arginine-phosphoric acid, 1144 

Armstrong-Baeyer benzene formula, 126 


syathesis, 1323-1324 
tests fw, 1327-1328 
types, 1318-1310 
Anthocyanins, 1316-1331 
acid radicals of, 1319 
acylated, 1319 
color, 1326-1327 
color of salts, 1326-1326 
giycosidic nature, 1319-1320 
isolation, 1324-1326 
occurrence^ 1827-1328 
properties, 1324-1326 
purification, 1325 
structure, 1316-1318 
synthesis, 1323-1324 , 

Aathoxanthin, eonverabn to anthocgMlh 
, idin, 1328,1330 
Aa^mcene, 162-172 
ntiridion, 176 

1071-1974 
168 

, 166,186 




Aromatic compounds, bydrogmation, 
73-74 

structure and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nuclei, catalytic reduction, 
817-819 

reduction, table of, 818 
Aromatic substitution, 174 
electronic theory of, 205 
AronoatizatioD, see Debydrocyelusation 
Aroxy radieds, 618 

Arsenic compounds, optical isonmrism, 
426-432 

Araonium bases, riectnmio theoiy, 1838 
AryHalk)1ethynyl)<ethaiiaB, 610 
Arytisotldouromum salts, 846 
Aryl radicals, 615 
Arylthijd radicals, 619 
Ascorbic acid, 1833-1638 
structure, 1684-1635 
syntheris, 1686-1637 
syntheiio imdogs, 1687—1688 
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Asparagiiie, 1116,1118 
Ajq>artic 1116-1118 
Association polymers, definition, 706 
Asymmetric, atoms, 221 
biphenyls, 368-370 
crystals, 220 
induction, 312 
molecules, 221 

with restricted rotation, 343-383 
synthesis, 308-316 
absolute, 312 
biochemical, 311 
ch«nical, 308-311 
definition, 308 
enzymatic, 311 
As 3 Tnmetry, molecular, 221 
Atomic distances in fluorides, 962 
Atomic models, Stuart, 321 
Atomic radii, 1772 

Atoms, electronic structure, 1944-1948 

Atrolactic acid, 1194 

Atropamine, 1198 

Atropic acid, 1194 

Atropine, 1194 

Atroecine, 1197 

Autoxidation, aldehydes and ketones, 
656-657 

V. Auwers-Skita rule, 1373,1493,1504 
Auxochromes, 1788-1789 
Azides, rearrangements, 977 
urethanes from, 1106-1107 
Azlactones, 1093,1102,1122 
Azobenzene, cis-trans isomers, 473-474 
reaction with organometallic com¬ 
pounds, 498, 511^12 
Azo compounds, catalytic reduction, 
814r^l6 

Asomethinee, 658-660 
addition (rf Qrignard reagent, 604, 669 
addition of organolithium compounds, 
659 

reduotioa, 660 

AzomethylaBe oompouiids, see Azometh- 
ittea 

B 

Bactffiial edluloae, 1668 
Bactoiodtdorqibyll, 1313 
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Ba^rer strain theory, 68 

Baeyer teat for ethylenio 635 

Bakelite, 731 

Barbier-Wielsuid d^radation, 1367, 
1360, 1423, 1432, 1440, 1460, 
1478,1495 

Barium compounds, 646-647 • 

Barium sulfate as support for palladium 
catalyst, 786 

Bart reaction, preparation of stibonic 
acids, 662-663 
Bases, definition, 1858 
strength, 1034-1035 

Beckmann rearrangement, 470-471, 979, 
984, 1004, 1026 
dihydrocodeinone oxime, 1225 
salt formation in, 984-986 
Beetle-Melamine, 731 
Belladonna alkaloids, 1194-1198 
Belladonnine, 1198 

Benzalacetopbenone, addition of orgauo- 
metallic compounds, 611 
additions to, 675-681 

1.2- Benzanthracene, structure, 168 
Benzanthrone, addition of Grignard 

reagent, 172 

2.3- Benz-9-anthrone, equilibrium, 169 
Benzene, addition products, 133 

bond lengths, 124 
halogenation, 179 
hydrogenation, 133 
oxidation, 133 
ozonization, 133-134 
reduction, 73-74 
resonance in, 1970-1971 
thermochemistry, 118-119 
Benzeuediazoic acid, 192 
Benzene formulas, 120-132 
Annstrong-Baeyer, 126 
centric, 126 
centric-electron, 131 
Claus, 124 
Dewar, 126 
electronic, 130 
Kekul4,121 
Ladenburg, 122 
para bond, 124 
prism, 122 
Thide, 127-128 
ihune n, page* 
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B^KUseBMolfomc acid, 178 
Beiu!aM)tetraoarb<»cjdiD add, 1402,1442 
Benabydraxamio acid, reanangaioent, 
«77 

Bfflizidine rearrangement, 076, 095, 

1021 

Betudlio add rearrangement, 974, 976, 
960, 986, 1000 
Bemdlmonoximefi, 470^71 
Bensohydryl rule, 637-538 
Bemtoin oximes, effect of chelation in, 
1879 

Benaoins from aldehydes, 649 
Bencophenone-anil, addition of Grignard 
reagent, 688 

reaction with organcnnetallic cont- 
pounds, 545 

Bemi(q>inacol diphenyl ether, 613 
Benzopyrone, 1332 
Benaopyrylium chloride, 1317 
o-Benaoquinone, reduction potential, 
158-159 

Benso 3 dated sugars, preparation, 1561 
3 ,4r-Ben2pyrene, 173 
Bensyiazide, rearrangment, 979 
Benzylcelluloee, 1691 
Berberal, 1214,1215 
Beri)erine, 1214-1216 
Berbcronic acid, 1214,1235 
BoyHium compotmds, 545 
optics isomerism, 432-433 
Bessisterol, 1398 

Betaine, occurrence as sugar derivative, 
1614 

Betaine hydrazide, 1115 
Betmnes, 1115,1124,1157 
Betd alkaloids, 1184-1186 
Bicydio compounds, aliphatic, 114-115 
^functional mdecules, production of 
polymers from, 706-706 
Bile adds, 1411-1427 
fkod sterds, common nuoteus, 1349- 
1350 

Oia—OH 3 groi^ 1421 * 

■odcM' reactions, 1418 ^ 

MWiingated, 1426 
aUon, 1410 
1413 

den, 1412 





BQe acida, isolation, 1412,1414 
mdecular ccanpounds, 1421-1422 
natural, 1413,1422-1423 
nomenclature, 1414 
nuclear hydroxyl groups in, 1414-1416 
occurrence, 1412 

physiological transformationB, 1426 
taste, 1416 

transfonnations of nudeus, 1418-1420 
unsaturated, 1416-1418 
Bile alcohols, 1425-1426 
Bilianio add, 1418-1419 
Binary sjrstem, MgXs + Mg, 603, 618, 
671; see also Magiresious halides 
Biogenesis, of alkaloids, 1252-1257 
of steroids, 1528 

Biphenyls, coaxial-noncoplanar model, 
352 

optical isomerism, 347-370 
physical data, 356 
size of groups, 359-361 
steric effects, 366 
unsymmetrical substitution, 355 
x-ray data, 361-362 
Bipyridyls, optical isomerism, 374 
Bipyrryls, optical isomerism, 376 
BiradicaJs, 602-604 
Birotation, 1546 

Bischler-Napieralski reaction, 1213 
synthesis of oxyberberine by, 1216 
2,3-Bi8de8oxyglucoee, 1633 
Bisexual hormones, 1509 
Bismuth compounds, 662-564 
Bisnorcholanic acid, 1361 
Bisulfite, see Alkdi bisulfite 
Bivalent carbon, 973, 980 
Bixanthyl, 604 

Bixanthyl-9,9'-dicarboxyiic add, 611 
Blanc method, synthesis ol cydoalka- 
nonea, 80-82 

Blanc rule, 81-82,13^ 1359,1301 
Bdesdcen method at determinh^ abso¬ 
lute oonfiguratimi in sugars, 1570 
Boiling points, 1732-1737 
alkyl flttondes, 663-955 
calmdoted from atomie vdumee, 1784 
eorrdaticm with structure^ 1736 
equations fm',l?m734 
relation to dipcite moment, 1786 
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Boiling points, Bulfhydryl compounds, 
8^)“-S41 

Bond, oodrdinate, 1827-1829 
covalent, 1825-1827,1948-1951 
dectrostatic, 1948-1949 
energicB, 1862-1864 
for covalent bonds, 1800 
ion-dipde, 1949 
ionic, 1826-1830, 1949 
metallic, 1948 
orbitals, 1952-1956 
polarizabilities, 1866-1858 
refraotivities, 1867 
ahared-electron-pair, 1949-1950 
Boric estera of carbohydrates, 1609-1610 
Boron compounds, 552-553 
optical isomerism, 432-433 
Brassicasterol, 1398 
von Braun degradations, 1174-1175 
Bredt rule, 113-114 

Bromination, addition-elimination mech¬ 
anism, 179-182 
phenanthrene, 179-182 
Bromine, addition to ethylenic linkage, 
637 

addition to quinones, 691 
addition to unsaturated acids, 683 
Bromomethylfurfural, from cellulose, 
1698 

l-Bromo-2-naphthoI, 152 
Q-Bromc^henanthrene, 179 
Brucine, 1236 
Brudnolic acid, 1239 
Brucinolone, 1239 
Brucinonic acid, 1239 
Bucherer reaction, 161 
Bufocholanio acid, 1420-1421 
Bufodeeoxycholic acid, 1420 
Bufotalkn, 1460-1451 
Bufotalin, 1449,1450-1451 
Bufotenine, 1164, 1227 
Buna rabb^ 760,764,765 
Butadiene, copolymer with methyl meth- 
aoylate, 767 

Butadimie dibromides, rearrangements, 
1001 

d*'^-Buteiuduies, 1434 

aleohot and acetone fermentation, 
1661-1662 


sk 

n-Butylcydopwitane, 118 
Butylene oxide sugars, 1667 
Butyl rubber, 760 
Butyric acid fermentation, 1661 

C 

Cadmium compounds, 648-649 
Cafcsterol, 1398 

Calabar bean alkaloids, 1230-1234 
Calciferol, see Vit amin Dj 
Calcium carbonate as stmport ffa> 
palladium catalyst, 787 
Calcium compounds, see Organocalcium 
compounds 

Camphene hydrochloride, rearrangement 
to isobomyl chloride, 991 
Camphor, 72 

conversion to p-c 3 Tnene, 118 
Camphor series, rearrangements in, 991- 
993 

Canadine, 1216 
Canaline, 1149-1150 
Canavanine, 1149,1150 
Cannizzaro reaction, 649 
mechanism involving free radicals, 630 
Carbamino acids, 1095 
Carbanions, in rearrangements, 988, 
989 

optical activity, 383-388 
Carbethoxykryptopyrrde, 1268 
Carbides, 492, 624, 674 
Carbobenzoxyamino acids, 1117 
Carbodiimides, 665 

Carbohydrates, see Sugars and CellulOBe 
cellulose, 16&4r-1719 
mono- and oligosaccharides, 1532-1604 
sugar derivatives, 1606-1663 
4-Carboline, 1228 
Carbon, direct fluorination, 946 
Carbonation of Grignard reagent, 606- 
606 

Ctu-bon atom, as}mimeb4o, 224 
peeudoBsymmetric, 
tetrahedral, 222-2^, 1952-l{e6 
Carbon dioxide, teaetion with Grignard 
reagent, 606-606 

Carbon disulfide, reaction irilb Grignard 
reagfflit, 506 
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Carbonic acid, stdfur analogs, 938-^9 
Caibonium ions, in reammgBmanta, %2, 
988, 989, 997-999 
t^ldoal activity, S97-400 
Carbonium salts, anthocyanins, 1317 
footnote 

Carbon monoxide, deetronic theory oi 
addition to, 1907-1908 
Carbonyl bridges, 687 
Carbonyl compounds; see under t»- 
dmduol members 
Caritonyl 9 t>up, 643-657 
Carbowaxes, 7n 
o-Carboxyoinnamic acid, 133 
CarbcBjd group, rates of esterification, 
683 

Caibyiamines, see Isocyanidea 
Carbyl sulfate, 904 
isolation in sulfonation, 640 
Cardiac agluoons, 1427-1447 
and toad pdsons, 1427-1454 
interrelationship, 1443-1447 
lactone ring, 1434-1436 
principal membere, 1431 
ring system, 1430, 1432 
squill agluoon, 1448 
strophanthidin, 1435-1440 
structure and phyaialogical action, 
1462-1454 

Cardiac glycosides, 1427-1430,1633 
physiological potency, 1453 
prineipsl membere, 1428-1420 
sources, 1427, im-1429 
Camegiiie, 1254 
Caraoune, 1167-1168 
Cast4m4)ean a&alcid, 1186-1187 
Catalase, 1260 

Catc^ste, amorphous frmna, prqrara- 
tion, 784-789 

ccfloidal forms, pir^iaratkni, 783 
definition, 790 

foresterifieatimt of odl u lose, 1670 
for hydrogenation, {Reparation, 783- 
789 

{<^ poiymeiisatioo, 741 


Catalyse reduotton of various functional 
groups, 797-819 
Cationoid activity, 1859 
CeQan, 1600 

Cellobiose, determination of structure, 
1598-1600 
from celidose, 1697 
Haworth formula, 1697, 1712 
Cellodextrins, 1696 
Cdlulosates, 1669-1672 
CeUulose, 1664-1710 
acetals, 1689 
acetates, 1679-1683 
acetolysis, 1668,1682 
action of ammonia, 1672 
action of enzymes, 1671 
action of hot alkalies, 1673 
action of hydrobromic acid, 1698 
action of hydrochloric acid, 1698 
action of periodic acid, 1693 
action of Schweitzer’s reagent, 1674 
action of strong organic bases, 1672 
aging of, 1672-1673 
alcoholates, 1670 
alkali fusion, 1673 
alkali metal derivatives, 1669-1672 
amino-, 1683 footnote 
animal, 1667 

arrangement of micellae in, 1714 
as polyacetal, 734 
bacterial, 1668 
benzyl ether, 1691 
carboxylic grooms in, 1668 
catalysts for esterification, 1679 
cellobiose from, 1668 
chemical constitution, 1701-1709 
cbtanical properties, 1667 
c<Ae, 1699 

complex metaUio salts, 1674 
nqiper^hylenediainine, 1674 
<»iprammonium, 1674-1675 
degradatkm, by acids, 1694r'1669 
by bkdagieal proeeeeel^ 1700-1701 
degree at pdyinmsmtioD, 1669 
derivatives witli aeg/am bases, 1672 
destnietive distillation, 1699-1700 


sapptributkm xmetioa, Ifi 
ivpinbydrogRistiaiV 700-i 

ktydrogBBSitkmi tSM, 779-S19 
itf)iyiilrqgen(4ysu, 776-8M 


esters, 1676-1687 

wiUt ]>4olu«MsntfoBie acid, 1682- 
1668 
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Cdluloee, etfaem, 1687-1691 
eth}^ece oxide derivativee, 1690 
fermentation of, 1700-1701 
fibrillar structure, 1716-1718 
fine structure, 1709-1716 
^uooae from, 1668 
glycolic acid ether, 1690 
hydrate, 1671 

hydrolysis by acids, 1668,1694 
isolation and purification, 1666-1667 
meroerisation, with acids, 1672 
with bases, 1669 

methyl and ethyl ethers, 1687-1689 
methylene ethers, 1689 
microstructure, 1716-1718 
molecular weight, 1705-1709 
nitrate, 1677-1679 

oligosaccharides from, 1668,1696-1699 
oxidation, 1691-1694 
reducing power, 1667 
regeneration from solution, 1676 
solvents for, 1675 
sources, 1666 
standard, 1667 
structural formula, 1667 
submicroscopic structure, 1710, 1713- 
1716 

sulfates, 1679 
swelling, 1671 

synthesis of, by bacteria, 1668 
thermal degradation, 1699-1700 
tosylation, 1682-1683 
tripben^carbinyl ether, 1690 
type of linkage in, 1704-1705 
visoosity, 1669 
viscosity of solution, 1707 
x-ray structure studies, 1709-1716, 
1767 

Cellulose formulas, present concept, 1667 
Tollens, 1702 

Cellulose structure, Meyer and Mark 
oonoept, 1712-1713 
presoit concept, 1667 
Sponsler and Dore concept, 1710-1711 

CeUuIose xanthate, 1670,1683-1687 
meohaiuam of fcwmation, 1684-4686 
preparation, 1683-1684 
pn^fjerties, 1685-1686 


Cerevisterd, 1399 
Chain reactions, 1932 
Ch’an 8u, 1449 

Chapman rearrangement, 1016 
Chavicic acid, 1181 
Chavicine, 1180 
Chelate rings, 1868-1883 
aromatic compounds, 140-141 
polydentate, 1877-1878 
spirane types, 1871 
Chelation, 1868-1883 
detection by absorption spectra, 1778- 
1783 

effect on orientation, 1877-1879 
in chemical reactions, 1879-1883 
in Grignard reaction, 1003 
intramolecular, 1003 
Chemical reactivity, see Relative reactiv¬ 
ity 

classification, 1858-1861 
comparison, 1032-1072 
by competitive reactions, 1064-1072 
by severity of conditions, 1062-1064 
effect of concentration on comparison, 
1063 

interpretation of data, 1072-1077 
Chemigum, 760 
ChemDuminescence, 604, 508 
Chenodesoxycholic acid, 1346, 1414 
hypobromite oxidation, 1377-1378 
position of Ct—OH group in, 1416 
Chitin, 1614 
Chitosamine, 1613,1614 
Chloralglucose, 1700 
Chloramine-T, 902 
Chlorins, synthetic, 1312-1313 
Cbloroacetanilides, rearrangement, 188 
Chlorocodides, 1222 
Chlorogenins, 1466-1466 
Chlorohydrins, ring contraction in Grig¬ 
nard reaction, 513 

Chloioiodomethanesulfonic add, resdu 
tion, 227 

Chloromorphides, 1222 
l-Chloro-2-naphthd, 151,152 
CWorophyU, 1260,1298-1314 


opening, 1686 


allomeiuation of, 1304-1306 
carbocyclio ring in, 1301-1303 
oonfiguraticm of, 1290 
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Choleetene, structunj formulAt 181^ 


xfdi 

CSdoraplijrlla degradation bjr hydrogen 
iodide, 1280^1301 

dihydroporphyrm nucleus in, 130&- 
130S 

formyl group in, 130^1311 
inveetigi^ions of Conant, 1303-1305 
investigations (d WiUst&tter, 1297- 
1208 

nuclear structure, 1205-1297 
partial synthesis, 1311-1313 
phase test, 1303 
phytji group in, 1298 
relation to bemin, 1314 
ration to organometallic compounds, 
£78 

rde in photosynthesis, 1314 
vinyl group in, 1305-1306 
Chlorophytl a, 1207-1308 
structural formulas, 1308 
Chlorophyll b, 1309-1311 
Chlorophyll derivatives, hydrochloric 
acid number, 1296 

Chlcfft^yll ^totphyiins, 1274, 1289, 
1290, 1295-1297 

Chloroprene, emulsion polymoisation, 
766 

neoinmie from, 760 
Chdanio acid, 1361,1412 
degradation, 1360-1361 
from bile acids, 1360 
from cc^raetane, 1360 
Cfadatriraic acid, formation, 1360,1361 
Choleic acids, 1421-1422 
CholestadieneB, 1394-1395 
Chdestane, chair types ot configuration 
in, 1368-1369 

evidmiee in support of structure, 1369 
formation, 1350 
physical eonstante, 1370 
stereodiemistry, 1367-1360 
ChokBtaiiiedione, 13SS, 1366 
C%<^Btanedione pyridadne^ 1866-1356 
CbdcBtanediotud, 1355, 13M 
Outetanetriol, 1355,1356 
CSidhliBtand, see Dthydroebdesterd 
Qbnltirtanone, 1^ 

Mbeenatm, im, 1374 
WbfimMab, by ledw^on <ei chdederyl 
I d^oaide, 1380 


A*-Cholestme-3,6^ol, 1386 
n'-Cholestene-3,4-diol, 1386 
Chtdestenone, catalytic hydrogsnation, 
1373 

from chdeeterd, 1357 
nt-Cholestenone, 1390,1393,1394 
d‘-Chalestenone, 1393 
Cholesterilene, 1394 
CholeBterol, 1392 

catalytic hydrogenation, 1348-1360, 
1373 

Diels’ hydrocarbon from, 1349,1351 
occurrence, 1302 
old structure, 1346-1348 
oxidation with hypobramite, 1369 
reaction with phosphorus pentaohlo- 
ride, 1375 

relationship of hydrmyl group and 
double bond, 1354-1368 
selenium dehydrogenation, 1349 
sire of ring A and B, 1358-1360 
size of ring D, 1360-1361 
structure, 1346-1347 
Walden inversion, 1876-1377 
i-Cholesterol, 1383-1384 
Cbdesteryl chloride, 1350,1376, 1893 
Cholester^d methyl ethers, 1383 
Cholesteryl p-toluenesulfonate, acetyla* 
tion, 1383 

reaction with methand, 1383 
Cbolestyl chlorides, 1376 
Cholic acid, dehydration, 1417 
dehydrogenation, 118, 1350-1361 
hypobromite oxidatiim, 1377-18^ 
isolation, 1412, 1414 
12-ketocb(:^nio acid fimn, 1354 
old structure, 1346-1348 
position of Ct-OH groiq> in, 1415 
structure, 1846-1347 
Chondrassmine, 1613 
Chnnnatogrsphio aualysu, purifioatmn 
of antho^ranins, 1825 
steroidB, 1407 

Chromium etunpoonds, 664-666 
Chromone, 1332 
ChKanopfunes, 1788-1780 


Chrysene from aatmul prodnet^ 1348 
1860,1362,1448, im 
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Ciba type resins, 732 
Cinoholoiponic acid, 1204 
Cinchona alkaloids, 1202-1208 
Cmohonine, 1202-1203 
Cinchoninic acid, 1203 
Cinoboninone, 1203, 1205 
Cinchotenine, 1205 
Cinchotoxine, 1206 

Cinnamic aldehyde, additions to, 675- 
681 

Cinnamylcocaine, 1202 
Cinobufagin, 1449, 1451 
Circular dichroism, 288 
Circularly polarised light, 285-287 
Cm- and (rans-elimination, 1026 
Cm- and trans-migration, 1026-1027 
Cia^trang isomerism, 411 - 1 87 
definition, 444 
in azo compounds, 473-477 
in carbon-carbon double-bond com¬ 
pounds, 446-464 

in carbon-nitrc^n double-bond com¬ 
pounds, 465-473 

in condensed ring systems, 484-486 
in cyclic compounds, 477-486 
in Diels-Alder reaction, 462-464 
in diphenoquinones, 446-447 
in ethylene series, 446 
in fused ring systems, 328, 484-486 
in heterocyclic compounds, 483-484 
in nitrogen-nitrogen double bond com¬ 
pounds, 473-477 
in oximes, 465-473 
in pdyrdefins, 464 
in terpbenyls, 486-487 
types, 444^46 

Cii-trana isomers, azobenzene, 473-474 
determination of configuration in 
cyclic isomers, by absolute meth¬ 
od, 480-481 

by physical properties, 479 
by relation to optical isomers, 478, 
480-481 

determination of configuration in 
ethylene isomers, by chemical 
behavior, 459-462 
by kinetic studies, 452-463 
by physksid properties, 449-462 
by ration to acetylenes, 460-461 

Voinme I, pwm l-i07T; ^ 
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Cta-frans isomers, determination of con¬ 
figuration in ethylene isomers, by 
relation to oydic compounds, 447- 
449 

by relation to saturated compounds, 
461-462 

determination of configuration in 
oximes, by Beckmann rearrange¬ 
ment, 470-471 

by dipole-moment studies, 471 
by relation to cyclic compounds, 
467-470 

by restricted rotation, 471-472 
hydrogenation, 800-801 
interconversion of, in cyclic series, 482 
in ethylene series, 463-156 
in oximes, 472 
Citraconic imide, 1264 
Citric acid fermentation, 1662 
Citrulline, 1147 
Civetone, 105 

Claisen rearrangement, 141, 149, 189, 
999 

Classification of sugars, Roeanoff meth¬ 
od, 1541-1544 

Claus formula for benzene, 124 
Cleavage, of cyclobutane ring, 101-102 
of cyclopropane ring, 101-102 
of diketones by hydrogen peroxide, 671 
of 1,3-diketones, 1070-1071 
of ethanes by alkali metals, 605, 610 
of unsymmetrical diarylmeroury com¬ 
pounds, 1071-1072 
Clemmensen reduction, 644,1357 
Coca alkaloids, 1198-1202 
Cocaine, 1198-1199 
Cocamine, 1202 
Codamine, 1219 
Codeine, 1221 
Codeinone, 1222,1223 
Cold drawing, of pblyacetals, 734 
of polyamides, 726 
of pdyesters, 712, 717 
Coiligative properties, definition, 1722 
Color, of dyes, 1981-1983 
theories of, 1788-1793 
Color test, detection of mgaaometaSio 
compounds by, 496-497, 518^ 
525,564 

lame Q, pegee 10T9*-196S. 
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Color test I, <»ganoiiketallic cMmpounda, 
496-497 

Golw test II, (ui^ometallic compounds, 
626 

Ckdcv test III, organometallic oom- 
pounds, 664 

Cdlumbium compounds, 661 
Comparison of cbomical reactivity, 1032- 
1077 

Compenssition, extenud and internal, in 
optical isomers, 233 
Competitive reactions, 1064-1072 
alkjd halides and siivn nitrite, 1066- 
1066 

cleavage of l,3-diketone8,1070-1071 
cleavage of unsymmetrical diaryt- 
meroury compounds, 1071-1072 
formation of cyclopropane derivatives, 
1065 

functional groups with Grignard re¬ 
agents, 601, 518-^19, 553 
pinacolone rearrangement, 1066-1069 
pyridine and alkyl bromides, 1064-1065 
two alcohols or amines with phenyl 
isocyanate, 1069-1070 
Condensation, Friedlinder, 1254 
at carbonyl compounds, 648, 652-654 
of fluorides, 957 

of unsaturated compounds, cycliza- 
tion by, 75-76 

Condensation polymerization, 706-739 
Condensation polymns, definition, 702- 
703 

Condensed ring systems, cu4rons isom¬ 
erism in, 484-486 

Cooduotivitics of organometallio com¬ 
pounds, 630-632, 666 
Ccmfligurstion, octahedral, 222 
of sugars, notation, 1643 
optical, related eompounds, 278 
idanar, 222 
tetndiedral, 222 

Configurational isomerism of monosao- 
diarides, 1636-1646, 1570-1672 
Ccmfigurational notatkm, 304-906 
ri^oidB, 1372 

1170-11SO 
<t><CMee^ 1179 
Cai4ae,im 

VrinnM 1, pKH l~f07T{ H 


Conjugate addition, see 1,4-Addition 
Conjugated compounds, comparison with 
benzene, 142 

Conjugated systems, 666-699 
addition of Grignard reagent, 606-607 
addition of halogen, 1001 
crossed, 689-692 
in cyclopropane derivatives, 102 
long, 6^-699 
resonance energy of, 1917 
Conjugation, effect on molecular refrao- 
tioD, 1752 

unsaturation and, 631-700 
Constitution, and physical properties, 
1720-1806 

effect on properties, 1723-1724 
Constitutive properties, definition, 1722 
Convallatoxigenin, 1447 
Conyrine, 1178 
Codrdinat* bonds, 1827-1829 
Coordination complexes, 1866-1867 
with Grignard reagent, 609 
with organogallium compounds, 666 
with trimethylgold, 643 
Coordination compounds in organo¬ 
metallic chemistry, 666-667 
Copolymerization, example, 706 
Copolymers, 757-768 
definition, 705 

methyl methacrylate and butadiene, 
767 

Copper chromite catalyst, preparation, 
788-789 

reduction of cetera in sugar aeries, 
1691-1592 

Copper compounds, 642-644 
optical isomerism, 432-433 
Copper-ethyienediamine oeUulase, 1674 
Coprostane, saddle types of configuration 
in, 1388-1369 

evidence in support of struotura, 1369 
formation, 13M 
physical constants, 1370 
stareocfaemutry, 1967-1369 
Coproatanol, CoproBteral 
CcqH’oatanoae, 1371,1878-1374,1390 
Ck^nroaterot, dicaibatjdie from, 

1370 

etiocbolaiKiiodMM fr«B, 1902 
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Coprosterol, fartnation, from cholesterol, 
1350 

from ooprostanone, 1373 
mdecular compounds, 1392 
occurrence, 1383 
oxidation, stepwise, 1361-1362 
Corpus luteum hormone, 1487-1489 
Cortin, 1511 
Cotamic acid, 1220 
Cotamine, 1213, 1220 
Cotton effect, 288 
Coumarone polymer, 756 
Cou{ding reactions, addition-elimination 
mechanism, 196 
anthranols, 166 
aromatic amines, 191, 192 
decomposition of organometallic com¬ 
pounds, 543 

Grignard reagents, 508-509 
hindrance, 197-198 
hydrocarbons, 199 
naphthols, 148, 154 
phenanthrols, 161 
phenol ethers, 195 
phenols, 191,192 
tertiary amines, 195 
UUmann, 544 

Wurta-Fittig, 508, 539-542, 644 
Covalence maxima, rule, 1829-1830 
Covalent bond, 1825-1827,1948-1951 
ionic character, 1961-1952 
2-Covalent hydrogen, chelation, 1869 
examples, 1830 
in dyad systems, 1736 

2- Covai«nt iodine, 1840 

3- Covalent iodine, 1840 
Cracking, 27 

Creatine, 1111-1113, 1142 
Creatinine, 1112-1114, 1142 
Cross-linked pwlymers, 703 
Bwdling, 742 
OoBs-Unldng, 719-720 
aor^ate polymers, 752 
Cryptosterol, 1399 
OystaUte, 762 
CiTStal radii of ions, 1888 
Oiystata, asymmetric, 220 
Ctnkalinio acid, 1450 
OiBBaJatxve double bands, 682-665 

Vohime I, psges l-KtfT* 


Cumulenes, 663 

Cuprammonium cellulose, 1674^-1675 
Cupreine, 1208 
Cuprotenine, 1205 
Cmtius rearrangement, 977-980, 

990, 1004, 1013, 1022, 1024 
Cuscohygrine, 1189 
Cuspareine, 1208 
Cusparine, 1208-1209 
Cyanide radical, 616 
Cyanides, see Nitriles 
Cyanidin, 1318 

a-Cyanocinnamic ester, addition of Grig¬ 
nard reagent, 691 

Cyanogen bromide, reaction with organic 
sulfides, 859 

Cyanogen bromide degradation, 1174- 
1175 

Cyanohydrin formation, rates, 1035- 
1038 

Cyanohydrin preparation of sugars, 1538 
Cyanohydrins, stability, 1036-1037 
Cyclic compounds, cis-irans isomerism, 
317, 477-486 

intermeiates in rearrangements, 973, 
976, 990 

optical isomerism, 315-336 
polymerization, 770-771 
Cyclic ketones from pyrolysis, 78-82 
Cyclic structure, effect on molecular 
refraction, 1752 

Cyclization, by BiscUer-Napieralski 
action, 1213, 1216 
by Darzens reaction, 183 
by elimination of hydrogen halides, 
86-88 

by Freund reaction, 74r-76 
by hydrogen fluoride, 958, 959 
Diels-Alder, 76-78 

formation of alifqrclio compounds, 
74-96 

1,2-Cycloalkanediol8, reactions, 108-110 
Cyoloalkanediones, synthesis, 78-79 
Cycloalkanes, properties, 103-106 
Cycloalkanols, 107-108 
Cycloalkanones, properlaes, 105-107 
C^obutane, cleavage, 103 
Cyolobutanone, synthe^ 1(® 
Cydodehydration, 92-^ 
hune H, pages 1079-U8S* 
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Cyekdieuine^ boot or (Mono, 321 
dukir or Z-form, 321 
saddle and chair farms, 70,114 
C7d(diexanone-4-<!srboxylic add, isom- 
oism of oxime, 407 
Cydohexeae, 183 
CycloOctatetraene, 120, 213 
imaaturated alicyclic nature, 112 
CydoOlefins, propertiee, 111-114 
Cydopentadecanone, 105 
Cydppentadiene, reactions, 76-77, 111- 
112 

Cydopentanedione-1,2, 140 
Cydopentanoperhydrophenanthrene de¬ 
rivatives, see Steroids 
Cydopropane, deavage, 101-102 
reaction with hydrogen fluoride, 048 
Cydopropane derivatives, formation in 
competitive reactions, 1065 
attempted syntheses, 100, 105 
p-Cymene, formation from camphor, 118 
Cysteic acid, 1132 
Cysteine, 1130-1136 
Qwtine, 1130-1135 

D 

Daidsein, 1338, 1330 
Darsens reaction, 183 
steroids, 1526 
Dealkylation, alkanes, 20 
DeaminaticMi, semi-pinacdic, 1012 
Decalm, 147 

and dmrivativee, isomerism, 114^115 
Decker reaction, 1233 
Degradation, Barbier-Widand, 1357 
von Braun, 1174-1175 
camphcnic acids, 1013 
catalytic, 1174 
Emde, 1173-1174 
Holmann, 1172-1173 
of desoxycbdic add, 1363,1364,1522 
of bemin, 1261-1268 
fA Bthocholio add, 1361-138S 
4lf digars, 1633-1662 
00 

(Barbiar-\inM«id), 1357 
DiiiZKlih of pdyroerisatioa, definitkm, 

.m 


Dehydration, by hydrogen fiu(Hide, 058 
in rearrangemente, 985 
of stigars, methods, 1540-1541 
Dehydroandrosterone^ 1503, 1606, 1500, 
1527, 1528 

7-Deshydrooholeeterol, 1387, 1406-1407 
Dehydroeortioostermie, 1521 
Dehydrocydisation, alkanes, 23-30 
alkenes, 28, 30 
catalytic, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodesoxycholic acid, 1363, 1364, 
1415 

Dehydroergosterol, 1410 
Dehydrofluorination, 067 
Dehydrogenation, catalytic, 25-27 
hydroaromatic compounds by disul¬ 
fides, 863 
mechanism, 27 
steroids, with bromine, 1417 
with mercuric acetate, 1404, 1410 
with palladium, 1350, 1408,1470 
with platinum, 1402,1489 
with sdenium, 1340, 1350-1351, 
1353, 1354, 1403, 14(», 1410, 
1432, 1440, 1464, 1459, 1467, 
1474, 1626 
with zinc, 1473 
thermal, 25 

with organometallic compounds, 637 
Dehydrolumisterol, 1404, 1410 
Dehydroneo^oeterd, 1402,1476 
7-DefaydroBitosterd, 1411 
Dehydrosterols, 1387, 1388,1401 
7-Dehydroetigma8terol, 1411 
Ddphinidin, 1318-1319 
Demjanow rearrangement, 06-07,107 
Density, of aUcyi fluorides, 961 
of organic compounds, 1741-1740 
Dephantlumic add, 1440, 1441 
Derived sugars, 1617-1638 
Desoxybiliamc add, 1363,1364 
degmdatioi}, 1418-1410 
Desoxycbolie add, 1346, 1864,1414 
degradaticm, 13^, 1884,16!^ 
mdeoular ocnnpottnds, 1421 
stmetum oil sdd Ca^oQi, 1868-1866 


Volams I, pagM Vobuaa 11, pages 1070-1068. 
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Deeoxyoorticosterone, 1433, 1620, 1623- 
1624 

2'Desox7’gluconic acids, preparation, 
1631 

Desoxyphylloerytlmn, 1300 
2-De80xyBtyracitol, 1633 
Dmoxjt sugars, 1631-1633 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

o-Desoxy sugars in cardiac glycosides, 
1430 

Desoxyvasicine, 1251, 1255-1256 
Destructive distillation of cellulose, 
1690-1700 
Detergents, 886 
Deuterium, 1876 

Deuterium compounds, enolization stud¬ 
ies, 246 

optical activity, 302-304 
racemization studies, 246 
Deuterohemin, 1282 
Deuteroporphyrin, 1280, 1282 
Dewar formula for benzene, 125 
Dextro form, definition, 226 
Diacetoneglucose, establishment of struc¬ 
ture, 1557-1559 

Diaoetyldeuteroporphyrin, 1282 
Diaoetylpeeudoglucal, 1630 
Diacyl disulfides, 935 
Diaoyl sulfides, 935 
9,9'-Dialkylbixanthyl8, 608-609 
Diamines, and dibasic acids, polyamides 
from, 724-727 
Diarylacylmethyls, 610 
Diarylalkylmethyls, 606-610 
Diarylsmino radicals, 616 
Diarylcarboxymethyls, 611 
Diarylcyanomethyl radicals, 611 
Diaryidisulfides, 619 
Diarylhydroxymethyls, 612 
Diarylmethyls, 604-606 
Diarylnitrogen oxides, 618 
Diarylperoxides, 618-619 
Diasteteoisomers, formation, 230-232 
properties, 230 
ralaticmship of, 226-230 
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Diazoaoetic ester, in chlorophyU studies, 
1306 

ring compounds from, 95-96 
Diazoaminobenzene, rearrangements, 
194 

Diazoamino compounds, rearrangement, 
993 

Diazo compounds, aliphatic, addition to 
unsaturated esters, 682-683 
mesomelic effects, 1913 
Diazoketones, optically active, rear¬ 
rangement, 1014 

Diazomethane, addition to ethylenic 
linkage, 642 

addition to quinones, 691 
decomposition, 983 
ring expansion by, 99-100 
Diazonium cations, electronic theory of 
addition to, 1907 

Diazonium compounds, aromatic, addi¬ 
tion to dienes, 670 
addition to a,5-unsaturated esters, 
683 

cia-lrans isomers, 474-477 
in preparation of aromatic fluorides, 
950 

Diazonium fluorides, 950 
Diazonium salts, in preparation of organ¬ 
ic sulfides, 856 

in preparation of thiophenols, 8 44 -845 
reaction with sulfinic acids, 918 
Diazotization in hydrofluoric acid, 960 
Dibasic acids, and diamines, polyamides 
from, 724-727 

polymeric anhydrides from, 736 
pyrolysis of salts, 78-82 
Dibenzalpropionic acid, bromination, 600 

2.3.6.7- Dibenzanthr8cene, 603 
fin.-Dibenzanthracene, 170 
Dibenzylbutadiene, 143 
1,2-DibromideB, rearrangement, 1002 
1,4-Dibromides, formation by rearrange¬ 
ment, 1001-1002 

6.7- Dibromotetraliix, 139 
Dibromotyrosine, 1129 
Dieckmann reaction, 79-80, 89-91 
Dielectric constant, as factor in rear¬ 
rangements, 992 

of alkyl fluorides, 9S2 


rescflution by, 266-260 
iaiides, rearrangement, 978 

Vohme I, wet 1-1077; Volwae II, pages 10T9-19M. 
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Di^’ acid, 13^ 1360 
Diels-Alder Teaction, 165, 685-687 
cu^rana iscmterism in, 462-464 
cydiaation by, 76-78 
electronic theory, 1923 
formation of endocyclic btidgee by. 111 
Dide’ hydrocM'bon, from cardiac aglu- 
cons, 1432 

fnm cbdesterol, 1349, 1351 
from digitalis saponins, 1464 
from gitogenin and sarBasapogenin, 
1459 

from lumisterol, 1403 
from peeudobufotalin, 1449 
from steroid alkaloids, 1467 
from vitamin Dj, 1410 
structure, 1349 
syntheses, 1352-1353 
Diene reactions, 1915-1916 
Dienes, 667-670; see also Alkadienes 

1.2- , 1911 

addition of alkali metals, 668 
addition to quinones, 691 
catalytic reduction, 801-802 
poIyiDeruation, 758-759 
by alkali metals, 762-763 
reduction, 667 

Diene syntbesiB, see Diels-Alder reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 1914-1919 
Dieth^stilbeBtrol, 1484-1485 
Digigoun, 1447 

Digitalis sapogenins, 1464-1468 
Cj—OH group, 1480-1461 
CiT side chain, 1461-1464 
I^incipal membos, 1458 
ring nucleuB, 1459-1460 
Digitalis saponins, 1456-1457 
Digitogenin, 1466-1467 
IHgitcic add, 1466-1467 
Digitcoides, insoluble, 1374^ 1376,1444, 
1455, 1460, 1467, 1480, 1496, 
1506,1515,1516 

Digitmiin, 1374, 1455,1456-1457 
y»Digitozand diaoid, 1432,1448,1446 
Dilptatdgentn. 1432,1443 
]3«lii(i(«in. 1340,1453 
I%««|pWUi, 1444 
1453 

VehuM I, pagai iHHNf; 


9.10- Dihydroanthiacene, 164 

1.2- Dihydrobenzene, iliermo^einistry, 
119 

Dihydrochdesterol, dicarboxylio acids 
from, 1370 

formation, 1349,1373 
gluooside formation, 1375 
DibydrodiethylstObestrol, 1484 footnote, 
1485 

17-Dihydroequilenins, 1478,1479 
17-Dibydroequilin, 1479 
22-Dihydroergoeterol, 1406 
Dih 3 rdrofQllicular hormone, see a-Estra- 
diol and ^-Estradid 
Dihydrogitoxigenin, 1439 
mutarotation, 1445 
Dihydroglucal, 1633 
Dihydrcmaphthalenes, 156-158 

9.10- Dihydrophenantbiene, 161 
Dihydroporphyrin nucleus in chloro¬ 
phyll, 1306-1308 

Dihydroetrophantbidin, 1437 
reaction with hydrogen cyanide, 1440 
Dihydrotachysterd, 1406 
Dihydroxyacetone, conversion to glycei^ 
alddiyde, 1641 

2.6- Dihydroxyanthtacene, bromination, 
166 

Dihydroxychdenic acid, 1417 
7,4'-Dihydroxyisoflavone, 1338 

2.3- Dibydrogcynapbtbalene, behavior on 
oxidation, 156 

2.6- Dibydroxynapbtbalene, 154 

2.7- DihydroxynaphthaleDe, 154 
Dihydroxypbenylalanine, 1128 
Dibydroxysapogenios, 1465-1406 
4,4’-DihydroxyBtilbene, 1484 
Duodot 3 rroeine, 1129 
7,12-DiWoohdamo acid, 1371 
Diketones, cydoalkanedianes, 78-79 

1.2- , 671 

cleavage by hydrogen peroxide, 671 

1.3- , cleavage oranpetitKws, 1070-1071 

1.4- , unsaturated, 693-680 
6-, encJisation, 1040-1041 

Diketonucidine, 1242 
Diketopiperasines, 1114,1120 
DOution effect, Rugg^ 707,710 
DimerisatioB, free mdioafai, 397 
lit 



INDEX 


Dinierizing addition, metals to olefins 
fi27,646 ’ 

OTEanometallic compounds to olefins, 

SST 

2.4- Dimethyl-3,6-dicarbethoxypyrrole, 

1264 

2,^Diineithji-3,6-diethyipji7To]e, 1265 
Dimethylglycme, 1115 
Dnnethylnaphth^ene, 1408 

2.4- Dimethyipyrrole, 1264,1265 
Dioscin, 1466, 1457 

Diose, structure, 1583-1584 
Dioagenin, 1464, 1465 
Diph^oquinones, ei&4ran3 isomerism 
446-447 

•,16-Diphenylanthracene, biradical, 604 
Ijd-Diphenylbutadiene, 142, 143, 157 
Diphenylchloromethanes, rates of reac¬ 
tion with alcohols, 1056-1057 
a,a-Diphenylethylene, 175, 177, 179 
a,5-Diphenylethylene, 143 
Diphenylhexatriene, 143 
Dipbenyliodonium salts, 1840 
Diphenylketene, addition to benzalace- j 
tophenone, 677 

as rearrang^ent intermediate, 974 
980 

reaction with Grignard reagent, 614- 
515,664 

Diphenyloctatetraene, 143 
Diphenylpolyenes, 143 
Diphenylthiocarbanilide, 942 
Dipcdar ions, amino acids, 1088-1090 
Dipole moments, 1762-1761 
alkyl fluorides, 952 
aromatic compounds, 139, 206 
calculation from rate data, 1030 
da-tram isomers, 451 
factors for calculation, 1755 
oxime derivatives, 471 
relation to boiling point, 1736 
relation to structure, 1757-1760 
Dtpyrrylbemsenee, optical isomerism, 377 
Dipyrrylmethenes, 1267-1270 
Dir^ve influence^ of pdyflu<side 
group, 960 

Bubetituait groupe, 202-212, 197&- 
1979 

DkaodiBrideB, structure, 15921-1603 
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Disaccharides, table of common, 1503 
Dispersion, abnormal, 292 
normal, 293 
of alkyl fluorides, 952 
rotatory, 288, 292-293 
Displacements, electromcric, 1842 
inductive, 1842 
Disproportionation, 1924 
free radicals, 498, 597 
organometallie compounds, 668, 572- 
676 

Dissociation, Grignard reagents, 517-518 
of carbon-carbon bond, 974 
to free radicals, energy of activation. 
592-593,617 
hexaarylethanes, 587-596 
theories, 593-696 
Disulfides, organic, 861-863 
general characteristics, 861 
preparation, by alkylation of sodium 
disulfide, 862 

from alkyl halides and sodium 
thiosulfate, 862 

from mercaptans and thiophcnols, 
861 

reactions, 862-863 
with halogens, 862-863 
with strong alkali, 863 
reduction, 843 
thiolsulfonatiss from, 907 
Disulfones, 883-884 
Disulfoxides, 905, 912 
Disulfoxide structure of tbiolsulfonic 
esters, 912 

Dithio acids, preparation, 931-932 
Dithiocarbamates, 938, 939-940 
Dithio esters, preparation, 932 
Divinylaoetylene, 668 
Divinylbensene, effect on styrene p<^- 
mers, 748-750 

4,5-Divinylcatechol, 155 
Divinyl ether polymer, 756 
Djenkolic acid, 1135 
Donaxine, 1228 

Double bonds, otanulative, 662-666 
twinned, 662-666 
Dieft, 886 


Drene, 886 
Duprene, 760 

Votome 1, pages 1-1077; Volume H, pages 1079-1188. 
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Djnd systems, 1699-1937 
Dyes, 0 (d(Hr of, 1981-1983 
fiaorioe-oontaining, 963 

E 

Eogonine, 1199,1201,1233 
Eiffective nuclear charge, 1824 
EleotroIyBiB, otgantunetallic compounds, 
368 

Electromeric displacements, 1842 
fSeetrmnetic effects, 1845-1847 
resonance, 1977 

iSectromaic polaruabilities, 1847 
Electron affinity of free radicals, 609 
Electron diffraction, 1769-1774 
Qectron dieidacements, 1840-1850 
Electronegativity, Pauling scale, 183^, 
1855 

aeries of radicals, 1072 
Electronic characteristics of typical 
bonds, 1883-1907 

Electronic concept, of rearrangements, 
1004-1027 

of vdcnce, 1822-1941 
Eleetranio configurationB, atoms, 1824- 
1825 

inert gases, 1825 
organic molecules, 1832—1839 
Electronic formulaa, derivation, 1832- 
1834 

Electronic structures, atoms, 1944-1948 
ESectronio symbolB, 1834 
ESectrOnio thecny of aromatic substitu- 
tion, 206 

Electrophiles, 1859 

Electrophilic substituting agents, 1029, 
1031 

Electrostatic bond, 1948-1949 
binds degradaticm, 1173-1174 
Eimuision polymeriaation, 742 
Enai]|iom<npha, interoonvttsion, 264- 
281 

propvties, 227 

scgnration, 254-264 

ISn^ k i mtht acene maleic aohydiide^ 163 
SM^eUe bridges. 111 
BpdMiodflnic bri^ges^ 086 
16S4, 


Energy, of aetivatian, free radioabi, 
592-393, 617 

dissociation, free radicals, 392-393 
Ekiergy cbain mechanism of pcdymerisa- 
tion, 773 

Enolic structure, sugars, 1384-1585 
Ekiolisation, alkalme reanangements of 
sugars, 1641-1646 
equilibria in, 1040-1041 
Entemann-Johnson series, rriative reac¬ 
tivities of functional groups, 301, 
504, 548 

Entropy of organic compounds, 1795- 
1798 

Enynes, 667-670 

Eliz 3 rme 8 , free radical concept, 630 
Ephedra bases, 1176-1178 
Ephedrine, 1176-1178 
Eptallocholesterol, 1394 
Epicfaitosamine, 1613 
^pfcholesterol, 1393 
Eptcoprostanol, 1392 
Eptcoprceterol, etiochdanolonee from, 
1502 

from choleeterol, 1360 
from ooproetanone, 1373 
oxidative d^radation to lithochoUo 
add, 1414 

Epfdibydrocholesterol, 1373 
formation from cbolestool, 1849-1350 
formation through Walden rearrange¬ 
ment, 1375 

^ucoeide formation, 1876 
oxidation, 1502 
Epimerization, 247 
ateroids, 1373-1374 
sugar acids, 1640 
Epimera, definition, 1536 
syntbeeis, 1639-1540 
Epineoergoetercd, molecular rotation, 
1378-1379 
Epoxidea, 634-635 
from a,«9-unBaturated ketonee, 676 
Equilenin, 1478 

total aynthesui, 1475-1476,1477 
Equilibria, enoliiiatimi, 1046-1041 
aaterifioatioa and aMho^nns, 1044- 
1046 

fonnathn of aoetab, lOM-1048 
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ESquiEbria, formation of Remicarbazones, 
1049-1062 

Gfignard reagents, 497, 503, 512, 514, 
517-518 

hydrogen cyanide with aldehydes and 
ketones, 1036-1038 
metathetical reactions, 1807-1808 
CH^nometallic compounds, 497, 503, 
612, 614, 617-318, 545, 647, 651, 
672, 673 

redistribution reaction, 1807 
three-carbon tautomeriam, 1041-1044 
Equilibrium constants, redistribution 
reaction, 1816-1818 
rdiability, 1060-1062 
Equilibrium mixtures, random, x809,1816 
EquUin, 1478-1479 
Eiquistanols, 1306 
Ergine, 1244 
Ergobasine, 1243 
Ergoclavine, 1244 
Ergocristine, 1243 
Ergocristininc, 1243-1244 
Ergometrine, 1243 
Ergometrinine, 1243, 1246 
Elrgonovine, 1243,1245 
Etgosine, 1243,124S 
Ekgoeinine, 1243, 1245 
Ergoetadienetriol, 1402 
Ergoetane, 1400 
ElrgostanetrioJ, 1402 
Ergostanol,' 1302 
Ergoeterd, 1390-1403 
irradiation products, 1403 
isomerisation, 1403 
occurrence, 1399 
ozonization, 1384 
structure proof, 1399-1402 
Ergoetetrine, 1243 
Ergot, 1243 

Ergot alkaloids, 1243-1248 
Ergotamine, 1243,1244 
Ergotaminine, 1243,1244 
Ergothioneine, 1157 
Ergatjaine, 1243,1244 
Ergotooin, 1243 
Ergotoxine, 1243 

Bdenmeyer synthesis, phenylalanine, 


Eschweiler reaction, hygrine, 1189 
Es4re bean alkaloids, 1230-1234 
Eserethole, 1231 
Eserine, 1230-1234 
Eseroline, 1231 

Esterification, alcohols by hydrogen 
fluoride, 947 

equilibria and rates, 1044-1046 
mechanism, 1046 
Esters, doubly unsaturated, 697 
hydrogenoiysis, 824-826, 827-831 
inorganic, reaction with Grignard 
reagent, 508-510 
of sugars, 1606-1612 
reaction with Grignard reagent, 500, 
502-604, 608-610 
redistribution, 1809-1810 
tautomerism of unsaturated, 1041— 
1042 

a,/S-unsaturated, 681-685 
«-Estradiol, 1468, 1469, 1480, 1508 
(S-Estradiol, 1480 
Estrane, 1471 
Estrin, see Estrone 
Estriol, 1471-1475 

Estrogenic compounds, synthetic, 1484- 
1485 

Estrogenic hormones, 1469-1487 
assay, 1469 
color reactions, 1471 
content of urines, 1470 
from androgens, 1508 
isolation, 1470-1471 
occurrence, 1469-1470 
physiological relationships, 1486-ltt7 
principal mranbers, 1472 
structure proof, 1473-1478 
I Estrone, 1471-1475,1478 

from dehydroneoergoeterol, 1476-1478 
Ethers, hydrogenoiysis, 822 

optically active, rearrangement, 999 
phenolic, rearrangement, 997,1023 
17-Ethinylaadro6tenediol, 1508 
17-Ethinylt«tosterone, 1497 
Ethionic acid, 904 
isolation, in nitration, 640 
17-Ethjdandrostenediol, 1508 
Ethyl chloride, diroot fluorinatiem, 946 
Etbjdene, pdymerization, 742-7tt 
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Ethyteme cBsulfcHies, okovage by potas¬ 


sium 916 

EUiylene oaddes, intmnediateB in rear¬ 
rangements, 972 
rearrangement, 1017-1018 
Ethylene oxide sugar ring, 1581 
Ethylene sucoinate patyeeter, 716 
Ethylmie sulfide pc^rmers, 771 
Ethylenic double bond, 633-643; tee also 
Alkenee and Olefins 
conjugation with nitrile, 687 
conjugation with nitro group, 687 
oxidation, 634-637 
reduction, 634 
relative reactivity, 683 
Ethylisoim^lacetaldehyde, 1384,1396 
Ethyl p-nitrocinnamate, 176 
Etbylpyrroporphynn, 1290-1291 
fi-Ethylquinuclidine, 1204 
Ethjd radical, 613-615 
o-Eth^tcduene, 118 
Etioofiabilianic acid, 1459 
Eltioallocholane, 1499 
EtiooBocholanic acid, 1432 
EtioolIocholancdoneB, 1502 
Etiobilianic acid, 1361 
fcMrmation from aarsasapogenin, 1459- 
1460 

Bdenwnn dehydrogenation, 1474 
Etiodudane, 1499 
Etiocholanic acid, 1361,1433 
E^tiochcianone, 1361 
Etiodudyl methyl ketone, 1360-1361 
^-Eucaiim, 1202 
Exaltoae, 106 

Exhaustive methylation, 1172-1173 
Expnwitm of valence sh^ of sulfur, 885 

P 

Patty adds, direct fioarinatkm, 946 
Fenton degradation d sugus, 1541 
Fermentation, alcoholic, 1654-1660 
butyi aleohd and acetone, 1661-1662 
butyric add, 1661 
by jicetobaeter nboxffdm*, 1682 
Igr 1662 

e^ndd, 16 ^ 
nTofStdcn, iroo-lTCtt 


Fermentation, of suf^us, 1654-1662 
iwopionio add, 1662 
xyloee, 1662 

Ferric cUoride, structure, 1876 
Fiber formation from linear polyeeten^ 
712 

Fischer chlorophyll d^yadation, 1290 
Fisoher-Tropeoh synthesis of hydrocar¬ 
bons, 791 
Flavanone, 1336 
Flavianic add, 1143 
Flavone, 1332 
flavones, 1331-1339 
as dyes, 1331 
degradation, 1334-1335 
natural occurrence, 1331 
properties, 1332-1334 
representative piigments, 1333-1334 
structure, 1331-1332 
83rnthesiB, 1335-1338 
Flavond, 1332 
Flavylium chloride, 1317 
Flavylium salts, 1317 
Fluorides, aliphatic, 944-964 
analysis, 904 
applications, 062 
aromatic, 960 
atomic distanoee in, 962 
boiling points, 963 
density, 9S1 
dielectric constant, 952 
dipole mmnent, 952 
freedng poiats, 955 
history, 945 
parac^r, 962 

physiolcgical properties^ 966,959,962 
preparation, 945-061 
refraction and dispraaion, 962 
thennodynamio propertieB, 963 
viscosity, 961 

Fluorinating agents, 948-949 
fluOTinatkm, 046-661 
by addition of hydrogen fluoride, 047 
by deoompositioa of a (ioatwiiaiy 
amnumium fluoride, 060 
by esterification of an alctfiMfl, 947 
by substitution methods, 948 
direct, 946 

in the bensmw ling, 960 
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Ehiorofcutn, 049, 060, 961 
Follicular honnone, see Estrone 
Fdlioular hormone hydrate, see Eetriol 
Fdlicusterone, 1478 
Formaldehyde, polymerization, 767 
Formaldefayde-melanune polymers, 730- 
731 

Formaldehyde-urea polymers, 727-730 
Formyl group in chlorophyll, 1309-1311 
Free energy, factors, 1797 
of hydrogenation, 1802 
Free radicals, 581-630; see also entries of 
specific radicals 

addition to unsaturated compounds, 
699 

alkyl, 613-616, 1931 
amphoteric nature, 601 
aryl, 615 

as reaction intermediates, 385,621-630 
color, 584, 586, 587 
detection, 561 
disproportionation, 498 
effect of unsaturation, 594, 610 
electrolysis, 601 
electron affinity, 609 
electronic structure, 585 
electronic theory, 1928-1934 
energy of activation, 692-593, 617 
energy of dissociation, 692-593, 617 
formation, in reaction of Grignard 
reagent and organic halides, 509 
in Wurtz-Fittig reaction, 539-542 
history, 582 
idoitification, 490 

in Gomberg-Bachmann reaction, 629 
in Grignard reaction, 624 
initiation of pdymerizstion by, 774 
in ojtidation and reduction, 699, 627 
in idiotochemioal reactions, 625, 626 
in rearrangements, 973-988 
in thwmal decompositions, 626 
in Wurtz-Fittig reaction, 622-623 
inechanism of peroxide catalysis, 776 
optical activity, 383-388 
Pineal isoffiwisffi, 587 
^ rganm netallic types, 667-672 
(aridation, mechanism, 627-628 
puneth terimique, 613-614 
quinr^ structure, 686-687 
Vdnnie 1, pages 
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Free radicals, reaction with metallic miiw 
rors, 544 

resonance, 586, 687, 1979-1981 
theories of formation by dissociation, 
593-695 

Free rotation, principle, 228 
Free valences, in rearrangements, 976 
Freezing points, of alkyl fluorides, 965- 
956 

Freon, 946, 949, 959, 961, 963 
Fresnel’s rhomb, 287 
Freund reaction, cyclization by, 74-76 
Friedel-Crafts reaction, 179-186, 641 
fluorides in, 963 
mechanism, 553-554 
preparation of sulEnic acids, 915 
preparation of sulfones, 875 
preparation of sulfoxides, 871 
preparation of thioamides, 934 
production of polymers by, 738 
Friedlander condensation, 1254 
Fries rearrangement, 998 
effect of chelation in, 1879 
sulfonates, 898 
Fries rule, 156, 160,166 
d-Fructofuranose, 1602 
Fructose, tautomeric forms, 1686 
d-Fructose, 1535, 1586, 1588 
ietc-Fructose pentaacetate, 1579 
Fucosterol, 1398 
Fulvenes, preparation, 112 
Functional groups, containing sulfur, 837 
relative reactivity, 601,604,648,553 
Fungisterol, 1399 
Furanohexosides, 1626 
I Furanose ring structure, establishment, 
1556-1563 

Furtonic acids, 1653-1664 
Fused ring systems, cisdrana isomers in 
238, 484-486 
classification, 328 
optical isomerism, 328-336 

G 

Galactose heptaacetate, 1677 
Galactose pentaacetates, 1563, 1682 
Galacturonic acid, 1590-1691 
Gslipine, 1208-1209 
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CbSpoidiBe, 1208 
Gfll^xilme, 1209 
Qaltium oompouDds, 556,660 
Gamabofagin, 1462 
Gaadine, sweetening of, 852 
Geneseriitei, 1234 

Gentiobioee, synthesis, 1602-1603 
Geometrical istHners, rearrangement, 684 
Geconetric iscnnerisni, 444—487 
Gennaniura ctanpounds, 667-668 
optical isomerism, 426 
Giro’s reagent T, 1470,1611 
Gitogenio acid, 14^ 1467 
Gitogenin, 1459, 1405 
Gitonin, 1466 
Gitoodgenin, 1444-1446 
(Haocine, 1256-1257 
Globin, 1260, 1289 
o-d-Qucopyranoee, 1666 
Gluooae, from cellulose, 1698 
Hawroth formula, 1656 
tautmneric forms, 1685 
d-Qlueose, structure develoinnent, 1633- 
1535 

synthesis from dements, 1537 
Gluoaee mmeaptal, 1570 
Glucose oxime, 1540, 1580 
aldehydo-drGbicoee pentaaoetate, 1675 
Glucose phenylhydrazone, 1536, 1679 
Gluoose-S-phoephate, 1607 
Glucoeide formation, sterdds, 1376 
Glocuronic add, 1587,1590 
from oxyoellidoee, 1603 
Glutamic acid, 1115-1118 
Glutamine, 1116-1118 
Giycale, 1628-1631 
isomemation, 1630-1631 
oxidation by perbensoic add, 1628- 
1620 

dycerelddtyde, 1583-1584 
c<mv«eion to dibydroKyacetoDe^ 1641 
resohition, 1544 

Glyoerd, esterification by phtbalk an¬ 
hydride, 703,719 

Giyeioe and derivatives, 1109-1115 
f^nwciyamidine, 1111,1114 
CE^red0«nine, 1110-1111 
Cl^Vabihiehyde, 1583-1584 
C%««|NiIalaee, 1690 


Glyods, optically active, rearrangfiment, 
1015 

rearrangement, 968-972, 976; tee aleo 
Pinaool rearrangement 
GIyedl«plitting reagents in sugar stud¬ 
ies. 1568-1569 
o-Glyoosans, 1618-1621 
Glyooee, definition, 1661 
Giycoeeeivs, 1623-1628 
Glycoeides, 1551, 1672-1676; see alto 
Cardiac glycoeides 
Glycuronic adds, 1587, 1600-1592 
Glyoxal polymer, 770 
Gnoscopine, 1221 
Gold compounds, 642-544 
Gombo'g-Bachmaim binary system, 
MgXi + Mg, 503, 518; see also 
Mapiesious halides 

Gomberg-Bachmann reaction, mechan¬ 
ism, 629 
Gramine, 1228 
Granatanine, 1182 

Grignard reaction, abnormal, 1003,1879- 
1882 

cydization by, 93 
mechaiusm, 625 
rearrangements, 616-517 
Grignard reagents, 496-620; see also 
Mechanism of reactions 
abnormal reactions, 1003,1879-1882 

1.4- Bddition to aromatic compounds, 

145 

addition to asomethinee, 659 
addition to benzanthrone, 172 
addition to ciimamalaoetophenone, 696 
addition to conjugated systdns, 606- 
607 

addition to o-cyanooinnamic ester, 691 
addition to doubly unsaturated esters, 
099 

1,6-additkm to fuehsone analogs, 696- 
697 

1.4- addition to pentadienemes, 689 
additkm to a,jS-uii8aturated aldehydee 

and ketones, 672-675 
addition to unsaturated 1,4-diketoneB, 
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additkm to unsaturated nitro com¬ 
pounds, 688 
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OrigHBid reagents, addition to a.^-unsst- 
urated systeoos, electronic theory, 
1920 

analysis, 496-497 

bifunctional, polymeric alcohols from, 
737 

carbonation, 505-S06 
characterization by isocyanates, 605 
cleavage by active hydrogen com¬ 
pounds, 499-600 
cleavage by halogens, 600 
cleavage by hydrogen, 498-499 
competitive reactions with functional 
groups, 601, 518-519, 653 
coupling by iron halides, 567 
coupling reactions, 608-509 
dissociation, 517-518 
electronic theory, 1885 
equilibria, 497, 603, 512, 614, 617-618 
forced reaction, 674 
formation of free radicals in reactions, 
509 

ionization, 516-517 
mechanism of reactions, 1867 
oxidation, 507-608 
preparation from triarylmethyls, 699 
preparation of sulhnic acids, 915-916 
preparation of sulfoxides, 871 
reactions, with carbon dioxide, 605- 
506 

with carbon disulfide, 505, 931 

with carbon oxysulfide, 931 

with carbonyl compounds, 646-647 

with chlorothioncarbonates, 933 

with esters, 500, 502-604, 508-510 

with inorganic esters, 608-510 

with inoiganic halides, 510 

with inorganic salts, 510 

with isocyanates, 605,1914 

with isothiocyanates, 506, 934, 943 

with ketenes, 505,614-616,664,1914 

with metals, 510 

with nitriles, 504, 661 

with nitroberrzene, 504-606 

with nitro group, 604-605 

with nitroaobenzene, 604 

with nitrosyl group, 604 

with non-terminal cumulated un- 


Grignard reagents, reactioits, with oxy¬ 
gen, 607-508 
with selenimn, 508 
with sulfonates, 895-898 
with sulfones, 881 
with sulfonyl halides, 899-900 
with sulfur, 607-608 
with sulfur dioxide, 606 
with tellurium, 508 
with terminal cumulated unsatura¬ 
tion, 605 

with thiolsulfonates, 909 
with thionylamines, 606 
with unsaturated sulfones, 884-886 
rearrangements, 1003, 1009-1011 
reduction by, 602, 514, 644, 646-647 
ring contraction, of alicyclic oxides, 
612-514 

of chlorohydrins, 513 
use in chlorophyll synthesis, 1313 
Guanidino-acetic acid, 1110 
Guareschi’s imide, 84 
Guvacine, 1186 
Guvacoline, 1186 

H 

Halides, aliphatic, redistribution, 1810 
reaction of inorganic with Grignard 
reagent, 510 

Haloacylanilides, rearrangement, 994 
Halochromism, 671 

Halogen acids, addition to dienes and 
enynes, 669-670 

addition to ethylenic linkage, 638-639 
Halogen amides, rearrangement, 977 
Halogenation, alkanes, 32, 34-36 
alkenes, 40, 43 
alkynes, 46 

aromatic compounds, 179-185 
catalytic, 84, 40 
mechanism, 33-39, 41, 46 
naphthols, 151-152 
photo-, 35-36, 43, 46 
sulfonamides, 901-902 
thermal, 32 

Halogen compounds, catalytiorediiotiiC)li, 
808-809 


■ation, 605 
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HiJqgDi, additiwi to ^kadieoes, 44 
additkm to alkenes, 38,43 
addition to oonji^ted systems, 1001 
addition to dienes, 669 
addition to etbyienio linkage, 637-638 
addition to unsaturated 1,4-diketonee, 
696 

raaetion with organic sulfides, 858 
Hammarsten reaction, 1418 
Hannala alkaloids, 1228-1230 
Haimaline, 1228,1230 
Hannalol, 1228 
Harmaa, 1229 
Hannine, 1228, 1230 
Harminic acid, 1228 
Haworth ceQobioee fcumula, 1697,1712 
Haworth glucose formula, 1556 
Heat, of activation, hexaarylethanes, 593 
of combustion, calculation, 1798-1799 
constants for calculation, 1799 
of dissociation, hexaarylethanes, 592- 
593 

of f<Rination of unsaturated hydro¬ 
carbons. 1797-1798 
hydrogenation, 1039-1040 
benzene, 1918 
dienes, 1918 

hydrocarbrms, 1801-1802 
define, 1918 
of reaction, 1796 

of v^xMization, relation to entropy, 
1795-1796 

HcQ-Vdbard-Zdindsy reaction, sulfonyi 
ddorides, 900 
HematiDic acid, 1282,1286 
Bematoporphyrin, 1280,1283 
Heme, 1260 

HemiaoetalB from aldehydes, 658 
Hemin, chromic acid oxidation, 1262 
deavage by hydrogen iodide, 1263 
degradation, 1261-1263 
prodtuto of addio deavage, 1266 
products oS baaic deavage, 1264-1266 
pgfVOfyais, 1280 

to ddoropltyB, 1814 


Hemin, synthesis, 1279-1284 
Hemipinic acid, 1212,1215 
Hemlock alkaloids, 1178-1180 
Hemoglobin, 1260,1288 
relation to oiganometallic compound^ 
578 

Hemopyrrole, 1263, 1285 
Hanop 3 rrrole-carbc»cy]ic acid, 1263 
Heparin, 1609 

Heptanoee ring structiuo, 1582-1583 
Heroin, 1222 
Hesperidln, 1336 footnote 
Heterocyclic compounds, cis-4ran» isom¬ 
erism, 483-484 
resonance, 1974-1975 
structures of aromatic, 127 
Hetero-enoid systems, 1909-1910 
Heteropolymer, definition, 705 
example, 757 

Hexaarylethanes, degree of dissociation, 
587-693 

effect of alkyl groups, 691 
effect of electronegativities of groups, 
593 

effect of resonance, 694 

effect of solvent, 689 

effect of steric huidrsnoe, 593, 594 

effect of substituents, 690 

effect of temperature, 589 

methods, 588-589 

Hexaaryltetrazanes, dissociation, 617- 
618 

Hexaobloroethane, reaction with anti¬ 
mony fluoride, 949 

Hexamethylbenzeue, x-ray analysis, 123 
Hexamethylenetetramine, reaction vrith 
hydrogen sulfide, 925 
Hexaphenylethane, dissociation, 584 
heat of dissociation, 592 
Hexene, properties, effect dudn 
branching, 17^ 

Hexestrd, 1485 
Hexuronio acid, 1633-1634 
High-dilution prindple of Bag|^ 707» 
71© 

Bhaabergtwt. 898-899,900-901 


lomxda, 1361,1284 
■iiiacinn, 1284-1286 


HinniHa, 1478 

ackt, 111© 

condsDsation with bensaldehyde, iHlf 
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Hinutidin, 1318-1319 
Histamine, 1156 
Histidine, 1161-1168 
Hcrfmann degradation, 1172-1173 
Hofmann rearrangement, 977-980, 989, 
1004, 1008,1013,1014, 1022 
Homatropine, 1195 
Homocaronic acid, synthesis, 95 
Homocystine, 1137-1138 
Homohygrinic acid, 1189 
Homoisopilopic acid, 1249 
Homosteroids, 1526-1528 
Hordenine, 1210 

Hormones, see under individual eUiases 
Hudson lactone rule, 1552-1553 
Hudson rule, for designating a,/S-ieomers, 
1550 

of isorotation, 1551-1552 
Hy-car synthetic rubber, 760 
Hydantoic acids, 1095 
Hydantoins, 1094, 1106, 1108, 1114 
Hydramine fission, 1205 
Hydrastal, 1213 
Hydrastic acid, 1213 
Hydrastine, 1211 
Hydrastinine, 1211-1214 
Hydrastis alkaloids, 1211-1216 
Hydration, alkenes, 61 
Hydrazide rule of Levene and Hudson, 
1553 

Hydrazine, addition to unsaturated 
aldehydes and ketones, 678 
Hydrazobenzene, rearrangement, 976 
Hydrazo compounds, catalytic reduction, 
814 

Hydrazones, catalytic reduction, 812 
table of, 813 
formation, 652 
reactions, 660 

Hydrides, metallic, 492, 624, 677 
organometallic, 558 
Hydrindenes, ring enlargement, 1353 
a-Hydrindone, 140 
Hydroarmnatio compounds, 06 
Hydrobenzoin, rearrangement, 970, 
976 

Hydroberberine, 1216 
Hydrocarbons, iJicyoUc, 66-116 
aUpbaUe, reactiims, 1-64 
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Hydrocarbons, aromatus, eouplmg, 199 
from sulfonic acids, ^2 
structure and reactions, 117-213 
direct fluorination, 946 
polymeric, 736-737 
Hydrocellulose, 1694-1696 
Hydrochloric acid number, ehlort^hyll 
derivatives, 1295 
Hydrocinchonidine, 1207 
Hydrocinchonine, 1207 
Hydrocotamine, 1213, 1220 
Hydrofluoric acid in diazotizations, 960 
Hydrogen, acidic, 633-638 
active, 633-638 
addition, see Reduction 
1,6-addition, 693, 697 
2-covalent, chelation, 1869 
examples, 1830-1831 
electroaffinity, 1830-1831 
Hydrogenation, see Reduction 
apparatus, 781-782 
aromatic compounds, 73-74 
catalysts for, 783-789 
catalytic, 634, 779-834,1466 footnote 
1483 

definition, 780 
heat of, 1039-1040 
methods, 780-783 
role of catalyst in, 790-797 
with sodium and etbanol, 1466 foot¬ 
note 

Hydrogen bond, 1836 
detection by electron dilfraction, 1770 
in amine hydrates, 1836 
Hydrogen chloride, addition to qui- 
nones, 691-692 

Hydrogen cyanide, addition to azometh- 
ines, 669 

addition to carbonyl compounds, 646 
addition to quinones, 692 
addition to unsaturated aldehydes and 
ketones, 678 

addition to unsaturated eatraa, 682 
rate of reaction with aldehydes and 
ketones, 1(^6-1038 

Hydrogen fluoride, addition leactioiis, 
947-948 

Hydrogen halides, aditition to aDmaet^ 
39-43 

lame Q, pages 1079-1988. 
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H^droganltalidaB, additkmtoalkynw, 47 
Hydrogen iodide, cleavage (rfhemin, 1263 
degradaUon of ehlwtqdiidl, 1292-1301 
Hydrogenclyais, 820-833 
acetals, 822-^ 
aeid anhydrides, 823 
alcohols, 820-821 
amides to anunes, 831-833 
caihon-carbon liidugee, 825-827 
d^nition, 780 
esters, 824-825, 827-831 
ethers, 822 

halogen Cfunpounds, 808-800 
imides, 824 
lactones, 824-825 
organometaUic ctmpotmds, 833 
•cndmes, 811 

Hydrogen peroxide, action on unsat- 
nrated earbonjd compounds, 676 
Hydrogen sulfide, addition to ethylenic 
linkage, 641 

addition to olefins, 842-843 
catalytic alkylation, 842 
reaction with aldehydes and ketones, 
924-925 

Hydrahydraatinine, 1212 
Hydrolyrsw, oelluioee, 1668, 1604 
lactojaes, rate studies, 1565-1567 
sulfenyl halides, 921-922 
sutfonamides, 900-001 
thioesters, 843 
Hydroqiiinidine, 1206,1207 
Hydroquinine, 1206,1207 
Hydrosamic adds, rearrangement, 977, 
«80 

«-Hydraxyaoetcq>hen<HieB, chelation. 140 
Hydroxy adds, polyesters from, 707-714 
3(/3)-^droxya2Zocholanio add, 1385 
17(a)-Hydro^aadrootane, 1515 
8-Hydroxycholanio add, see lithocholio 
add 

3-HydroKydu)l«uc add, 1424 
0-Hydroxycodeina, 1224 
fiydroKyethjdodluloee, 1690 
S>^ydroxyflavane, 1332 
B^^^WKygjutamic add, 1124-1125 
fttiS^Ti^pDXyfaydrindeiii^ 137 
S^Mnikyiamine, addition to naaatunted 
^aldehydeB and ketones, 678 


HydraxylamineB, rearrangements, 978 . 
Hydraxyiation, steroidB with osmium 
tetroxide, 1479,1517,1522 
Hydrox^tkm theory, 56, W 
Hydroxyl group, increase in add stren^ 
in fluoridee, 901 
Hydroxjdysine, 1141 
5-Hydroxy8-methylhydrindffiae, 138 
170S)-Hydroxyprqgesterane, 1523-1524, 
1525 

Hydroxyproline, 1125-1126 
3-Hydroxypyrene, 173 
17-Hydr<Ky8teroids, 1377 
7-HydroxyBtero]8,1386 
Hygric add, methyl ester, 1120 
Hygrine, 1188-1189, 1256 
Hygrine alkaldds, 1188-1100 
Hygrinio add, 1188-1189 
Hyodesoxycholio add, a-, 1346, 1350, 
1414,1415 

chromic add oxidation, 1420 
(S-, 1414, 1415 
Hyosdne, 1197 
Hyoecyamine, 1194 
Hypaphorine, 1164,1227 
Hypobromous add, addition to ethylenic 
linkage, 640 

Hyjxxshlorous acid, addition to ethylenic 
linkage, 640 

addition to unsaturated acids, 683-684 
Hypobalites, reaction with carbonyl 
compounds, 664-665 
Hypdialogen adds, addition to etbylenio 
linkage, 640 

I 

Imides, hydrogenolyBis, 824 
Indene polymer, 750 
Indican, 1161-1162 
Indium compounds, 566 
Indoh, 1161 

Indole derivatives, reanangwaont, 074 
Indoxyl, 1161 

Induecxl disidaecinents, 1843 
Hiduotive efitcta, 1842-1845 
in bouau ring, 1(^ 

Indnctcmerio polariMddfity, 18^1850 


Inert gaaea, deetronie oonfiguration, 18w : 
VdiiiBO ^ MCOB fiSam* H, Mpss l|9f8»198|. < 
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Infra-red absorption spectra, 1778-1783 
detection of chelation by, 1778-1783, 
1860 

Inhibition of polymerization, 773 
Inomtd, optical isomerism, 336-337 
Interatomic distances, 1767,1771 
Interconversion, of organometallic com¬ 
pounds, 555, 663, 572-576 
of syrir- and anti-oximes, 472 
Interfacial tension, 1740 
Internal pressure, 1738 
Inulin as polyacetal, 734 
Iodine, 2-covalent, 1840 
3-covalent, 1840 

Iodine monobromide, addition to ethyl- 
enic linkage, 638 

Iodine monochloride, addition to ethyl- 
enic linkage, 638 
lodomagnesium pinacolates, 613 
Ion-dipole bond, 1949 
Ionic bond, 1825-1827, 1834-1837, 1949 
Ionic mechanism of polymerization, 776 
Ionic reactions, 1864-1865 
Ionization of organometallic compounds, 
616,617, 575 

Ionization potentiab of metallic atoms, 
532 

and relative reactivities of organ¬ 
ometallic compounds, 532-633 
Ions, crystal radii, 1888 
in rearrangements, 968-1004 
Iron compounds, 566-667 
Iron-porphyrin complexes, 1260 
Isatropylcocaine, 1202 
Isethionic acid, 904 
IsooZlopregnanolone, 1493 
Isoamylaniline hydrobromide, rearrange¬ 
ment, 996 

Isoandrosterone, 1604,1606, 1617 
Isobomyl chloride, from camphene hy- 
i'ochloride, 991 
Isobufocholanic acid, 1461 
Isobutylene, polymerization, 743 
IsooeUbbioee, 1698 
Isooocamine, 1202 
Isooodeine, 1222,1223 
Isooyanates, 665 
addition to, 666 
mesmnerio effects in, 1913 

Vohune 1, pages 1-X077; 


xxxbt 

Isocyanates, reacticm rrith Grignard re¬ 
agent, 605, 1914 

Isocyanides, electronic theory sf addition 
to, 1907-1908 
Isodehydrocholesterol, 1386 
Isodesoxycorticosterone, 1624 
Isodihydroxycholenic acid, 1417 
Isodurene, 199 

Isoelectric point of aituno acids, 1087 

Isoequilenin, 1476 

Isoequilin, 1479 

Isoestradiol, 1479 

Isoffavones, 1338-1839 

Isoglucal, 1630 

Isoglutamine, 1117 

Isohexyl methyl ketone from dihydro¬ 
cholesterol, 1384 
Iscdithobilianic acid, 1361, 1362 
thermal decomposition, 1369-1370 
Isolithocholic acid, 1414 
Isolysergic acid, 1246-1247 
Isomerism, cis-trans, 219 
configurational, monosaccharides 
1535-1546, 1670-1572 
geometrical, 219 
optical, 219-443 
stereo-, 219 

steroid group, 1367-1379 
structural, 218 
types, 218 

Isomerization, alkadienes, 6-7 
alkanes, 2-3 
alkapolyenes, 8 
alkenes, 4-5 
alkyl fluorides, 957 
alkynes, 8-9 
catalytic, 2-6, 8, 9 
ergosterol, 1403 
glycals, 1630-1631 
in vapor phase, 997 
mechanism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, chain, 218 
cis-lrane, 444 
classification, 218-219 
comparison of physical propertieB; 
1723-1724 


j cydic compounds, 315-^336, 477-486 
Volume n, pages lOTVlMS, 
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Isomege^ deSnitioiii, 218 
/luusticmal groiqs 219 
gWMXketneal, 444 

0,13-, in sugars, designation, I860 
nudeus, 218 

optica], freeadsg points^ 249-250 
pn^wrties, 227-228 
rotation, 290-304 
sdahility, 251-263 
position, 219 
tautomers, 210 
Isomorphines, 1222 
Isoniootinic acid, 1228 
Isopenetierine, 1184 
Isopmplogenic acid, 1438 
Ifjpilocarpidine. 1250 
Isopilocarpine, 1249-1250 
Isopilopio acid, 1249 
Iso-A*-pregnendone, 1608 
Isoprogesterone, 1464,1508 
Isc^opylaoetaldehyd^ 1399 
Isopyrovitamin Dj, 1410 
d-Isoquinine, 1206 
Isoquinoline, 153 

Isorotation, Hudson rule of, 1561- 
1552 

Isoeaccharinic acids, 1646 
Isoeapogenins, 1462-1463 
Isosareasapagenin, 1464 
o-Isostrophanthic acid, 1436, 1437 
o-Isoetrcqduuithidic acid, 1436, 1437 
reduction, 1438 
^IsoBtrotdianthidic acid, 1438 
Isoetrophanthidin, 1436 
Isothk^anates, 643 
reaction with Grignard reagent, 505 
Isothiocyanic acid, 939 
Isothknumuum salts, 841 

J 

Jaborandi alkaloids, 1248-1250 
K 

S(fcli}5 formula for beaxoae^ 121,184 
KeodalfB compotnul H, 1516,1518 
Her fipj^ietie rubber, 764 

Suetldifi«sn aeetjdenM, 658 


Ketasines, catalirtio reduotkin, 812 
table of, 813 
Eetenes, 663-666 
mesomerio eSecta in, 1913 
pdymerization, 664 
reaction with Grignard reagmt, 606, 
514-516, 1914 
I Eetiminee, 658-659, 661 
I catalytic reduction, 812 
12-Ketocholamc acid, from cholic or 
desoxychcjlc acid, 1364 
from reduction of dehydrodesoxycholic 
acid, 1363, 1364 
3-Ketocopro8tBne, 1371 
^Ketoesters, enoUzation, 1041 
IT-Ketoestrogens, hydrogenation, 1480 
ielo-Pructose pentaaoelate, 1679 
Ketohexoses, 1533 
Ketones, acetylenic, 672 footnote 
addition of organometallic compounds, 
500 

catalytic reduction, 805-807 
cycloalkanones, 105-107 
hydrogenation, table of, 806 
optically active, from rearrangements, 
1015 

oxidation, 665-657 

rates of semicarbazone formation, 
1049-1052 

reaction with hydrogen cyanide, 1037- 
1038 

reaction with mercaptans, 849 
reduction, 643-644, 806-807 
a,0-unsaturated, 672-681 
Ketonization of phenols, 120 
Ketoses, 1586-1587, 1588-1589 
Ketose synthesis by biological method, 
1687 

7-Ketoetffi'Qls, 1386 

Ketoximee, Beckmann rearrangement, 
1026 

gyn-onti forms, 465 
Ketyb, metal, 612-613 
Kharasch tbemy, addition of hydrogen 
fluoride, 048 

KiUaiu ttyanqigrdrin reaction, 1538 
Kinetic studies, ds-trant isomers, 452- 


463 « 

redistribution reaction, 1818-1820 

pages i>lorr} Votuae Q, pages 1079-1M8. 
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Kneoht's compound, 1678 
Knoevenagd reaction, cyclization by, 93 
Knolr’s pyrrole, 1264 
Koenigs and Knorr reaction, 1676 
Kojic acid, 1624 
Kolbe synthesis, 201 
mechanism, 1882 
Koproporphyrins, 1289 
Koroseal, 754, 760 
Kryptopyrrole, 1263, J266-1268 
Kryptopyrrole-carboxylic acid, 1263 
Kjmurenic acid, 1160-1162 
Kynurenine, 1160-1161 

L 

Lactam formation, 1013 
Lactic acid, optical isomerism, 226 
Lactoflavin, 1617 
Lactol, definition, 1557 
Lactone rule of optical rotation, 1552— 
1553 

Lactones, hydrogenol 3 rsi 8 , 824-825 
y- and S-, in sugar series, 1563-1668 
rates of hydrolysis, 1566-1567 
reduction, 1639 

Lactone studies in sugars, 1563-1568 
Lactonization of aldonic Acids, 1638 
Lactose, 1593 

Ladenburg formula for benzene, 122 
Lagodesoxycholic acids, 1414, 1424 
Lanosterol, 1392 
Lanthanum compounds, 564 
Laudanine, 1219 
Laudanidine, 1219 
Laudanosine, 1219,1266-1257 
Lead compounds, see Organolead com¬ 
pounds 

TmA tetraacetate, oxidation of sugars, 
1569 

Legal’s test, 1434,1446,1449 
Lepidine, 1203 
Lethane, 942 

Leucoanthocyanidins, 1330 
Leva form, definition, 226 
Levoglucosan, ffom ceDuloee, 1699-1700 


Liebermann-Burehard reaction, 1391 
Liebermann reaction, 1418, 1449 
Light, circularly polarized, 285-^7 
monochromatic, 282 
nature of, 281-282 
plane-polarized, 282-284 
Tiilligenin, 1466 
Linear polyazines, 736 
Linear polyesters, 710-718 
Liquid ammonia reactions, addition of 
metals to olefins, 529, 546 
diphenylgermanium and sodium, 569 
electrolysis of organomercuty halides, 

568 

metalation, 637 

oiganotin halides and sodium, 559, 

569 

Lithium compounds, see Oiganc^thium 
compounds 

LithobiUanic acid, 1361, 1362 
thermal decomposition, 1369-1370 
Lithocholic acid, 1346, 1414, 1416 
degradation, 1361-1363 
formation from eptcoprosterdl, 1414 
Lobelanine, 1256 

Lobiy de Bruyn interconversion reaction, 
1586 

Loiponic acid, 1204 
Lophophorine, 1210 

Lessen rearrangement, 977-980, 1004, 
1013, 1022 
Loturine, 1229 
Lucite, 752 

Lumisterol, 1298,1403-1404 
Lysergic acid, 1245-1247 
Lysine, 1138-1141 
Lysuric acid, 1140 

M 

Macromolecules, defimtion, 702 
Magnesious haKd e s, 509, 613; ue also 
Binary systmn 

Magnesium compounds, ^ Qrigmud 
reagents 

I Magnetic criterion for bmtd type, 1966- 


iparation, 1622 
Imifi acii meo'ianism oi formation, 
1638-1639 

1-1077; 


1958 

Magnetie momeaat, reooiuuaee, 1956 
Mahuang, 1176 


TT 



xlii 


INDEX 


Mal«« acid fnan (uddation of benzene, 
133 

Maleic anhydride, addiKte with steroids, 
1396, 1400,1408 
polymer with styrene, 767 
Malonio ester, 1,4-, 1,6-, and 1,8-addi- 
ti<»i of, 698 

additicm to a,6mnsaturated carbonyl 
compounds, 679 

Maltose, determination of structure, 
1696-1698 

Malvidin, 1318-1319 
Manganese compounds, 666 
Maiinobufagin, 1449 
MaiicownikofF rule, 638-639, 657 
addition of hydrogen fluoride, 947,967 
addition of sulfur compounds to ole¬ 
fins, 861-862 

a{^ed to cyclopropane, 102 
Masurium compounds, 566 
hfeehamsm of reactions, 1,4-addition, 
1881 

addition of Giignard reagent to a,$- 
onsaturated carbonyl compounds, 
672-673 

addition pdymeiization, 771-778 
alcohcdic fermentation, 1654-1660 
alkylation of alkanes, 21-24 
arcnnatic substitution, 174-213 
brcsnination, additim-elimination 
metdianism, 179-182 
Cannizzaro reaction, 630 
eoiqiling, Edition-elimination mech¬ 
anism, 196 

dahydrocydization of alkanes, 31 
ddrydrogenstimi of alkanes, 27 
eetetificstion, 1044-1046 
fenaentstion, aloobdie, 1654-1660 
fcHtnation of cellaloee xanthate, 1684- 
1685 

foimulatdcm of, 1860-1863 
free-radical concept, 621-630 
Friedel-Crafte naoticm, 176-186, 653- 
554 

Comberg-Bachmann reacticoo, 629 
*€t(ignaid reaction, 1867 
{mradioala, 626 

reagent, and acid chlorides, 
f 501-602 


Mechanism of reaetkms, Origaard re¬ 
agent, and alkyl sulfonates, 809 
and esters, 602-604 
and ketenes, 614-616 
halogenation of aliphatic hydrocar¬ 
bons, 33—39, 41, 46 

isomerization of aliphatic hydrocar¬ 
bons, 6, 7-8 

isomerisations and degradations of 
sugars, 1638-1662 
Kdbe synthesis, 1882 
levulinic acid, formation, 1638-1639 
methoxymethylfurfural, formation, 
1639 

muscle metabolism, 1660 
nitration, of aliphatic hydrocarbons, 
49, 51, 53 

of benzene, addition-elimination 
mechanism, 176 
oeazones, formation, 1536 
oxidation, 66-57,1868 
and reduction, 627-628 
of free radicals, 1863 
polsmerization, 11-12, 16, 771-778 
of formaldehyde, 767-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1868 

bimolecular, 643-644 
of define by metals, 529 
Reformatsky reaction, 648 
Rdmer-Tiemann reaction, 1882 
ring contraction by Qrignard reagent 
612-614 

thermal decompositionB, 626-627 
Walden inversion, 269-281 
Wurtz-Fittig reaction, 639-642, 623 
Meconin, 1212, 1220 
Mectminic add, 1212 
Meerwein-Pcnmdorf method, 1390, 1466 
footnote 
Mdamac, 731 
Melamine, 730 

Mdamine^onnaldEyde pdymen, 730- 
781 

Mdatdn, 1128 
Melibiose, 1693 
Mdting points, 1727-17^ 
sltmiatiiHia, 1728-1780 
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Mdting points, calculation, 1731 
correlation with structure, 1727 
effect of halogen substituents, 173(1- 
1731 

Melville, molecular sandwiches, 768 
Menthol, 70-71 
Mercaptals, 849 
of sugars, 1662, 1575 
Mercaptans, 839-844, 846-862; see also 
Sulfhydryl compounds 
addition to olefins, 850-851 
preparation, 841-844 
by addition of hydrogen sulfide to 
olefins, 842 

by alkylation of metal hydrosulfides, 
841-842 

by catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alky!thiouronium 
salts, 841 

by hydrolysis of thioesters, 843 
by reduction of disulfides, 843 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organometallic compounds, 852 
with oxidizing agents, 851-852 
with a,/3-unsaturated carbonyl com¬ 
pounds, 850 
solid derivatives, 895 
tests for, 852 
Mercaptides, 846-847 
reaction with alkylating agents, 854- 
855 

Mercaptols, 849 
Mercapturic acids, 1135 
Mereerization of cellulose, 1669, 1672 
Mercurials, aromatic, from sulfinic acids, 
918 

Mercuric acetate, methoxy-, addition to 
ethylenic linkage, 642 
Mercury compounds, see Organomercury 
compounds 
Meroquinene, 1204 
Merthiolate, 847 
Mescal alkaloids, 1209-1211 


Mescaline, 1210 
Mesitylene, 132,199 
Mesomeric effects, 1848 
aliphatic diazo compounxis, 1913 
azides, 1914 
isocyanates, 1913 
ketenes, 1913 
Mesomeric polarization, 1847-1848 
Mesopoiphyrins, 1262, 1279 
Metahemipinic acid, 1217 
Metalation, 533-538 
Metaldehyde, 664 

Metal-halogen interconversion reactions, 
638-539 

Metal halyls, 641 
Metal ketyls, 612-613, 1932 
Metallic atoms, ionization potentials, 532 
Metallic bond, 1948 
Metallic hydrides, 492, 524, 677 
Metals, interchange in organometallic 
compounds, 546 

reaction with Grignard reagent, 510 
j Metasaccharinio acids, 1646 
Metathetical reactions, equilibria, 1807- 
1808 

Meteloidine, 1198 

Methene syntheses, anomalous, 1284- 
1286 

Methionic acid, 904 
Methionine, 1136-1138 
Methoxyindenes, 135 
Methoxymethylfurfural, mechanism of 
formation, 1639 

Methylamline, rearrangement, 188, 976 
Methylation of glycosides, 1654 
Methylcholanthrene, formatioir, 1354, 
1355 

l-Methylchrysene from neopregaemo- 
lone, 1526 

Methylconhydrinone, 1179-1180 
N-Methylooniine, 1180 
Methylene radical, 616 
Methylephedrinfi, 1176 
l-Methylestradio], 1508 « 

Methylethylmaleimkle, 12^, 1265 
Methyl fluoride, 948 
a-Methyl-d-glucoside, 1646 
5-Meth:^-(i.glucoskle, 1646 


■r-Methylglucoside, preparation, 1662 
Volume 1, pages 1-1077; Volume H, pages 1076-4M8. 
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acMethylglatario acid frran dcBoxychoIio 
add, 1366 

Methylgranatanme, 1182 
N-Methylgranatonioe, 11^ 
Methylisopelletierine, 1184 
Methylisc^ropjdacetaldehyde, 1384, 

1401 

MethyliBogirinnlinc, 163 
Methyl methacrylate, eopoSymer 'with 
butadiene, 757 
polymers, 760-753 
Methylmoiphenol, 1221-1222 
MethyhnorpfaimeliuneB, 1223-1224 
Methylmorphol, 1222 
l-Methyl-2-aaphthol, 162 
4-Methyl-l-ns^thol, 148 
Metbylosen, 1632-1633 
Methjdpeeudoephedrine, 1176 
Meth^ radical, 613-615 
Methyl rubber B, 764 
Methyl sulfate, methylation of sugars by, 
1654, 1504 

Methyl vinyl ketone pol)rmer, 756 
Meyer and Mark, x-ray structure of 
cellulose, 1712-1713 

Meyerhof and Kiessling mechanism of 
alcoholic fermentation, 1667-1660 
Meyer reaction, 658 

Michael reaction, 87, 92, 102, 679-680, 
681-682 

1,4-addition in, 696 
1,6-addition in, 699 
sulfones, 882 

Microstmeture of oelluloee, 1716-1718 
fnms-Migration, 1026-1027 
Migraticm aptitude, 1067-1068 
in rearrangemente, 969,978,1030-1031 
Migration erf substituents in sugar 
derivatives, 1611-1612 
Mills-Nixon dfect, 136-140 
Mirror-image relationship, 221, 224-226, 
229 

Molecular compounds, bile adds, 1421- 
f 1422 

atmula, 1391-1392 

Mutocular-orMtsl method, resmianoe, 
1966 

IdEotandlr rearraagements, see Rear- 
nH^ements 


Molecular rdraction, 1761-1762 
effect of conjugation, 1762 
effect of cyclic structure, 1752 
effect of unsatiuration, 1761 
exaltation, 1751-1762 
factors for calculating, 1761 
Molecular rotation, 286 
sterols, 1378 

Mdecular sandwiches of MelviUe, 768 
Molecular volume, 1743 
Molecules, asymmetric, 221 
Molybdenum compounds, 564 
Moment of momentum, 1026 
Monoacetoneglucose, establishment ot 
structure, 1667-1669 
Monoaceton^lucoee-6,6-carbonate, es¬ 
tablishment of structure, 1669 
Monobydroxysapogenins, 1464 
Monosaccharides, classification, 1533 
configurational isomerism, 1536-1546 
definition, 1533 

Monosulfones, reactions, 877-879 
Morphine, 1221, 1227 
Morpbothebaine, 1226 
Muconic acid, 133 
reduction, 144 
Mucoproteins, 1609 
Multiple bonds, 1900-1907 
resonance, 1958-1969 
Muscle metabdism, inpip.hn.niam, 1660 
Muscone, 105 
Mustard gas, 856, 860-861 
Mustard oils, 943 
Mutarotation, 305-307 
oldeltydo-Bugar acetates, 1676-1577 
config;urational changes, 305-307 
of sugars, interpretation, 1546-1547 
kinetics, 1647-1648 
mechanism, 1648-1649 
reversibility, 967 
structural changes, 306-307 
Mycosterols, 1398-1411 
Myosmine, 1193 

N 

Naphthacene, 169 
Naphthaoenequinone, 171 
Na{dithalene, 145-160 
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Naphthalene, Priedel-Crafts reaction, 162 
reduction, 146 
structure, 1971-1973 
thennochemical data, 167 
Naphthenes, 70 
a-Naphthol, 146-147 
(3-Naphthol, 133, 146, 148 
Naphthol carboxylic acids, 201 
Naphthols, coupling, 148,164 
etherihcatioa, 149 
halogenation, 151,162 
a-Naphthoquinone, 159 
6-Naphthoquinone, 158, 169 
1,4-Naphthoquinone, 156 
Naphthoylbenzoic acid, 156 
)3-Naphthyl allyl ether, 149 
a-Naphthylamine, 146 
3 -Naphthylainine, 146, 148, 149 
Nareotine, 1220-1221 
Negative groups, activating effect, 632 
Neoaraphenamine, 019 
Neoergosterol, 1401-1402 
molecular rotation, 1378-1379 
Neopentane, chlorination, 1008 
Neopentylamine, rearrangement, 967, 
1007 

Neopentyl chloride, preparation, 1008- 
1009 

Neopentyl group, rearrangement, 1007 

Neopine, 1226 

Neoprene, 760 

Neoprogesterone, 1497, 1626 

Neo^varsan, 919 

Neotigogenin, 1464 

Neriantigenin, 1447 

Netting agents, 760 

Netting effect, 760 

Neutralized systems, 1910-1911 

Nickel, Raney, preparation, 7^ 

Nickel catalyst, preparation, 787-788 
Nickel compounds, optical isomensm, 
440 

Nicol prism, 283-286 
Nicoteine, 1193 
Nicotimine, 1193 
Nicotine, 1190-1193 
Nicotinic acid, 1186,1190-1191 

Niootyrine, 1191-1182 

Ninhydrin reaction, 1099,116* 

Vohme I, pagw 1-1OT7; 


Nitogenin, 1464 

Nitration, addition-ehmination medin- 
nism, 175 
alkanes, 48-61 
alkenes, 61—63,176—178 
alkynee, 63 
anthracene, 176 
aromatic compounds, 176-179 
catalytic, 61, 62 
electrochemical, 53 
liquid phase, 60 
mechanism, 49, 61, 53 
monosubstituted benzenes, 1029 
vapor phase, 48-49 
Nitric acid, addition to alkenes, 61 
addition to ethylenic linkage, 639-640 
Nitriles, 660-661 

addition of hydrogen sulfide, 933-934 
catalytic reduction, 809-810 
conjugation with ethylenic linkage, 687 
electronic theory of addition to, 1907 
hydrolsrsis, 660 

intermolecular addition under influ¬ 
ence of organometallio com¬ 
pounds, 661 

reactions, with Grignard reagent, 604, 
661 

with mercaptans and thiopbenols, 
851 

reduction, 661, 809-810 
table of, 810 

tautonierism of unsaturated, 1041— 
1043 

o,/J-unaaturated, 687-688 
l-Nitroanthracene, 168 
9 -Nitroanthr 8 cene, 176 
Nitrobenzene, reaction with Grignard 
reagent, 604 

Nitrocellulose, 1677—1679 
Nitro compounds, catalytic reductimi, 
815-817 

optical activity, 388-392 
reduction, table of, 816 
a,6-unBaturated, 688 
Nitrodibydroanthrand, 176 
(j-Nitroethyl alcohd, 176 
6-Nitroethyl nitrate, 17S 
Nitrogen compounds, optical isomerism. 
401-419 
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Nitrogoi compounds, pentaalk}d,S29-530 
trivalent, optical isomerism, 401-413 
Nitrogen oxides, addition to alkenes, 52 
addition to dienes, 670 
Nitrogmi tetroxide, addition to ethylenic 
linkage, 642 

Nitrogen trioxide, addition to ethylenic 
linkage, 642 

Nitro group, addition of alkoxides, 662 
conjugation with ethylenic linkage, 687 
reaction with Grignard reagent, 604- 
505 

reduction, 661-662 
Nitroeation, 191 

Nitroeobenzene, reaction with Grignard 
reagent, 504 

Nitroeyl chloride, addition to ethylenic 
linkage, 642 

Nitroeyl group, reaction with Grignard 
reagent, 504 
Norarecaidine, 1186 
Norareocdine, 1186 
Noratropine, 1198 
Noreamphor, synthesis, 77 
Noroaradiene carboxylic acid ester, 134 
Norephedrine, 1176 
Norequilenin, 1481 
N<Heatrane derivatives, 1481-1484 
Norestrone, 1481 
Norharman, 1234-1236 
Norhydraetinine, 1213 
NcRhyoet^ramine, 1198 
Nonnai addition, hydrogen sulfide to 
cdefins, 842 

sulfur oompounds to olefins, 851 
Normal sugars, 1555 
Normaim compound, 1674 
Nornicotme, 1193 
Noraxyhydrastinine, 1215 
Norpinic acid, synthesis, 84-86 
Norpseudoqjbedrine, 1176 
NortropiDe, 1198 

Notaticm, configwational, 304-305 
a,#-iBaaaer8 in sugus, 1550-1551 
0 |itical ismnerisn, 230 


Nucletu- ohaige, effective, 1825 
Nucleophiles, 1869 
NuUpunktsvolume, 1741-1743 
Nylons, 726 

0 

Octahedral elements, 222 
optical isomerism, 434-438 
Octahydroestrone, 1499 
Octamethylporphyrin, 1272, 1273 
»-Ootane derivatives, physical constants, 
1723 

Octopine, 1148 
Odd moletniles, 1928 
Oleandrin, 1446 

Olefins, see also Alkenes and Ethylenic 
double bond 

addition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercaptans and thiopbe- 
nols, 860-851 
addition of metals, 1932 
direct fluorination, 946, 947 
electronic theoiy of addition to, 1904- 
1906 

polymerization, 627-629 
polymers from, 740-766 
reaction, with sulfur chloride, 866- 
856 

with sulfur dioxide, 876-876 
reduction by metals, 626-629 
Oligosaccharides, definition, 1633,1692 
from cellulose, 1696-1699 
One^lectron bond, 1960-1961 
Opisnic acid, 1212,1220 
Opium, 1216 

Opium alkaloids, 1216-1227 
Oppenauer method, 1367, 1388, 1489, 
1495, 1606, 1623 
Opecpyrrole, 1283,1268,1269 
OpB<^yTTole-carboxylic add, 1263 
Optical activity, 220-221; see olso 
Optical isomerism and Optic^ 
rotation 

amino adds, 1085-1087 
earbanions, 388-397 
carbonium ions, 307-400 


ititnr tionfiguratioDS, 1543 
1202 

.i.l241 

-1241 



due to mdeeular structure, 221 
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Optical activity, during rearrangements, 
399-400, 981-984, 987-990 
free radicals, 383-388 
f undam ental concepts, 220 
of crystals, 220 

of free radicals in rearrangements, 987 
organometallic compounds, 660 
theories, 289 

Optical isomerism, 220-433; see also 
Optical activity and Optical rota¬ 
tion 

alienee, 337-340 
amine oxides, 417-419 
arsenic compounds, 426-432 
berylhum compounds, 432^3 
biphenyls, 347-370 
bipyridyls, 374 
bipyrryls, 375 
boron compounds, 432-433 
complex compounds, 434-438 
copper compounds, 432-433 
cyclic compounds, 315-336 
five-membered rings, 320 
four-membered rings, 317-320 
six-membered rmgs, 320-327 
three-membered rmgs, 316-317 
dipyrrylbenzenes, 377 
fused ring systems, 328-336 
germamum compounds, 425 
inositol, 336-337 
nickel compounds, 440 
nitro compounds, 388-392 
nitrogen compounds, 401-419 
octahedral elements, 434-438 
of elements other than carbon, 400-443 
palladium compounds, 433, 440-441 
phenylcarbazoles, 376 
phenylpyrroles, 375-376 
phenylquinones, 374 
phosphorus compounds, 425-426 
planar elements, 438-443 
platinum compounds, 434, 441-443 
polyphenyls, 370-374 
quaternary ammonium salts, 413-417 
selenium compounds, 423—424 
silicon compounds, 401 
spiranee, 340-343 
sulfilimines, 422-423 


xlvii 

Optical isomerism, sulfonium sidts, 419- 
421 

sulfoxides, 421-422 
sulfur compounds, 419-423 
tellurium compounds, 424 
terphenyls, 370-373 
tin compounds, 424-426 
zinc compounds, 432-433 

Optical isomers, number of, 237 

Optically active alcohols, rearrangement, 
1000 

Optically active alkyl halides, rearrange¬ 
ment, 988 

Optically active amides, rearrangement, 
983 

Optically active amino alcohols, rear¬ 
rangement, 987-988 

Optically active diazoketones, rear¬ 
rangement, 1014 

Optically active ethers, rearrangement, 
999 

Optically active glycols, rearrangement, 
1015 

Optically active ketones, from rear¬ 
rangements, 1015 

Optically active pinacols, rearrangement, 
1023 

Optically active radicals, in rearrange¬ 
ments, 1022 

Optically active sulfinic esters, rear¬ 
rangement, 999-1000 

Optical rotation, see also Optical activity 
and Optical isomerism 
and association, 293 
and concentration, 298 
and dissociation, 295 
and structure, 296-298 
in steroid group, 1378-1379 
and temperature, 290-291 
and wavelength of light, 291-293 
factors influencing, 290-304 
molecular, 285 
solute, nature of, 298-301 
solutions, 293-296 
advent, nature of, 298-301 
specific, 285 

sugars, measurement by maximim 
solubility method, 1650 
rules, 1651-1663 


sulfinic esters, 421 
- Volume I. pages 1-1077; Volume H, pages lOn-'lSU. 
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Optical stability, tons, 989 
of tricovalent groupe, 1023 
Optochin, 1208 
Orbital wave function, 1945 
Organic sulfur compounds, 836-043; see 
also wader indvddttal members 
Organoalkali compounds, 624-642 
Organoahiminum campotmds, 563-664 
Organoantimony compounds, 662-663 
Organoarsenic cconpounds, optical isom¬ 
erism, 426-432 

Organobarium ccnnpounds, 546-647 
Organoberyllium compounds, 546 
Organobianuth compounds, 562-664 
Organobismuth radicals, 671-672 
Organoboron compounds, 662-653 
Oiganocadmium compounds, 648-649 
Organocaldum compounds, 645-647 
addition to benzalacetophenone, 676 
Organochromium ccnnpounds, 664-566 
Organochromium radicals, 572 
Organocoltimbium compounds, 661 
Organocopper compounds, 642-644 
Organogallium compounds, 565,566 
Organogermanium compounds, 667-558 
<q>tieal isomerism, 426 
Organogermanium radicals, 569, 572 
Organogdd compounds, 542-644 
Organoindium compounds, 555 
Organoiron compounds, 566-567 
Organolanthanum compounds, 554 
Orgaaoiead compounds, 660-661 
redistribution, 1811-1813 
Organolead radicals, 670-671 
Organolithhun ccnnpounds, 624-625, 
538-539 

addition to azomeihines, 659 
addition to carbonyl group, 647 
in halogen-metsl interconvosions, 
538-539 

Org^momagneshim cmnpounds, see Grig- 
nard reagents 

Organomanganese compounds, 666 
Oiganomasurium ccmpomids, 666 
Qiganomercury compounds, 649-6^ 
competition in cleavage, 1071-1072 


Organometallic compounds, 489-680 
addition reactions, 498, 600-507, 611- 
612, 615, 626, 628^629, 645-646, 
560 

analysis, 496-497, 500 
cleavage, by halogen adds, 519-620, 
560 

by halogens, 600, 619 
color test I, 496-497 
color test II, 625 
cdor test III, 664 
conductivities, 630-632 
detection, 496-497, 626, 664 
electrolysis, 668 
hydrogenolysis, 833 
interconversion, 572-676 
optical activity, 560 
preparation of sulfinic acids, 916 
pyrolysis, 670-571 

quantitative estimation, 496-497, 600 
radioactivity, 660-661,576 
reaction with mercaptans and thio- 
phenols, 852 

redistribution of halides, 1812-1813 
redistribution of R»M types, 1810- 
1812 

rdative reactivity, 494, 610, 618-624, 
626, 630-635, 646-646, 662 
thermal stability, 621, 542-644, 551, 
662, 669, 576 

Organometallic hydrides, 658 
Organometallic radicals, 667-572 
Organomolybdenum compounds, 664 
OrganopaHadium compounds, 567 
Organoplatinum compounds, 567 
Organopolonium compounds, 665 
Orgsnopotassium compounds, addition 
to benzalacetopbenone, 675 
Organorbenium compounds, 666 
Organoecandium compounds, 664 
Organosilver campounds, 542-644 
Organostnmtium cmnpounds, 646-647 
Organotantalum compounds, 661 
Organothaliium compoands, 665-656 
Organothallium radkals, 668-669 
Organotin compounds, 668-669 
optical isomerism, 424-426 
Organotin radicals, 669-670,672 
Organotitanium compounds, 667 


1810-1811 

Otgsnfflrtmwtry radicals, 668, 672 
OzgaomiHiialUc ammines, 663 
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Organotungsten compounds, 664 
Organouranium compounds, 664 
Organovanadium compounds, 661 
Organoyttrium compounds, 654 
Organozinc compounds, 647-548 
reaction with o,/3-unsaturated alde¬ 
hydes and ketones, 675 
Organozirconium compounds, 657 
Orientation, and substitution in benzene 
ring, 202, 1029, 1975 
effect of chelation, 1878-1879 
effect of polyfluoride group, 960 
Ornithine, 1143, 1146-1147 
Ornithuric acid, 1146 
Orthanilic acid, 187 
Orthoacetates, 1610-1611 
Osazonea, mechanism of formation, 1636 
Oscine, 1197 

Osmic acid, see Osmium tetroxide 
Osmium tetroxide, hydroxylation of 
steroids, 1479,1517,1522 
Ostreasterol, 1395 
Ouabagenin, 1447 
Oxalic acid from cellulose, 1673 
Oxidation, aldehydes, 656-656 
alkanes, 65 
alkenes, 69 
alkynes, 62 

amino acids, 1100-1102 
and reduction, in rearrangements, 987, 
1006, 1012,1022 
mechanism, 1926-1927 
benzene, 133 

by Acelobacter auloxydans, 1662 
by Acetobacler xylinum, 1662 
by chromic acid, 636 
by hydrogen peroxide, 636 
by lead tetraacetate, 635 
by oxidants other than oxygen gas, 
68, 62 

by ozone, 636-637 
by pennanganate, 636 
by silver iodobenzoate, 636 
carbonyl compounds, 666-667 
catalytic, 68, 61, 637 
cellulose, 1691-1694 
electronic mechanism, 1868 


Oxidation, Grignard reagent, 607-608 
mechanism, 66-67 

mercaptans and thiophenols, 861-862 
resistance of fluorides to, 956, 960 
sugars, 1649-1654 
by h3rpobromite, 1661-1662 
in acid media, 1649-1661 
in alkaline media, 1651-1664 
sulfinic acids, 917-918 
thermal, 55, 69 

thioaldehydes and thioketones, 927 
thiolsulfonates, 910 

Oxidation-reduction potentials, 169, 
1038-1039 

22,23-Oxidoergosterol, 1411 
Oxime-nitrone tautomerism, 1936 
Oximes, catalytic reduction, 811 
chelate derivatives, 1873 
ds-irans isomerism, 466-473 
formation, 652 
hydrogenol3fsi8, 811 
reactions, 660 
rearrangements, 979, 984 
syrir and anti-, interconversion, 472 
Oxo-Diels’ acid, 1360 
Oxonitim salts, 1317,1333 
stability, 1836 
Oxonium theory, 1317 
Oxyberberine, 1214, 1215 
Oxycellulose, 1691-1694 
Oxygen, reaction with Grignard reagent, 
607-508 

Oxyhydrastinine, 1216 
Ozonolysis, acetylenes, 657 
benzene, 133-134 
double bonds, 636-637 

P 

Palladium black, prq)aration, 785-787 
Palladium catalysts, colloidal, prepara¬ 
tion, 783 

supported, 786-787 
Palladium compounds, 567 
optical isomerism, 433, 440-441 
Palladium zeolites, 787 
Palladous oxide, irr^paratimi, 786 
Panetb technique, applied to cagenomfr' 
tidlie compounda, 644, 664,561 


ethylenio linkage, 634-637 
free radicals, mechanism, 827-628 
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Faneth tec^iniquB, free radicals, 613-614 
Papaveraldine, 1217 
Pc^Mverice, 1217-1219 
Papaveriiiio acid, 1217 
P^wvermdl, 1216 
Fora bond fannala for bensene, 124 
Paraohor, 1744-1746 
calculation, 1744 
ccmstants for calculation, 1746 
in fluorides, 952 

relation to critical volumes, and col¬ 
lision areas, 1745 

rdation to nuUpunktsvdume, 1742 
Paraformaldebyde, mechanism of forma¬ 
tion, 767-768 
Paraldehyde, 654 

Paramagnetic measurements, free rad¬ 
icals, 591 

Paramagnetism of organic radicals, 1760- 
1761 

Parasaccharinic acids, 1646 

Partial valence, 128, 666 

Pauling electronegativity scale, 1855 

Peganine, 1250 

Pegene-9, 1250 

Pelargonidin, 1318 

Pelletietine, 1183 

Pellote, 1209 

Pdlotine, 1210 

Pentaalkyl nitrogen compounds, 529-530 
Pentaarjdethanes, 605 
Pentaarsdethyls, 607 
Pentadimeones, 689-690 
Pentad systems, 1940 
Pentabydimcybufostane, 1425 
Pentametbylbenzene, 199 
Pentasulfidee, 864 

Pentoses, stracture determinatum, 1541- 
1542 

Peonidin, 1318-1319 
Feiqwr abcalmds, 1180-1181 
P^unan rubbers, 765 
Periiydrodiphenic adds, 1359 footnote 
.periodic add, action on cdlulose, 1003 
oxidation of sugars, 1568*1560 
Bnlliffietaide, 520,1836 


Perkin synthesu, 651 
Peroxidation theory, 56, 00 
Peroxide effect, 41-42, 47, 686, 642, 657 
1916, 1926 

Peroxides, triarylmetbyl, rearrangranent 
975 

Peroxide systems, 1924-1928 
2,6-Peroxido-A^-chole8tene, 1396 
Perrier compounds, 184 
Petrdeiun lining, fluorides in, 963 
Pettenkofer reaction, 1418 
Peyotl, 1209 

Phase test, chlorophyll, 1303 
Phenanthrene, 160-162 
bromination, 179-182 
Friedel-Crafts reactions, 161 
resonance structure, 1971-1973 
sulfonation, 161 

Phenanthrene dibromide, 162,180-182 
9,10-Phenanthrenequinone, 161-162 
2-Pbenanthrol, coupling, 161 
Phenol-aldehyde polymers, 731-732 
Phenol ethers, coupling, 196 
Phenolic esters, rearrangement, 998 
Phenols, aldehyde condensation, 201 
O-alkylation, 201 
coupling, 191, 192 
frmn sulfonic acids, 892 
ketonization, 120 
reactions, 185-202 

with tbiolsulfonates, 010 
o-Pbenylacrylic acid, from tropic acid. 
1194 

Pbenylalanine, 1127 

1- Phen3d-4-aminobutadiene, 146 
Phenyl azide, additicm to ethylenic 

linkage, 642 

addition to quinones, 691 

2- PhenylbenzopyTone, 1332 
2-Pbenylbens(^yrylium ehlmide, 1317 
Phenylcarbacdee, optical isoroaism, 376 
Phenylhydrazine, addition to o,fl-iin8at- 

urated carbonyl compounds, 678 
FbenyDrydrasoDes, fonnationt 652 
Pbenylhydroxylamine, rearraagmDent, 
076 


1443 ' 

huMm llikhod of prqMtting alicydic 
Mipotmds, 82-86 


Phenyl aocyanate, competitive mao- 
tioiie of two alcdi^ or eminea 
1069-1070 
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Phenylnaphthophenazonium chloride, 
167 

Phenylpyrrolea, optical isomerism, 376- 
376 

Pbenylquinones, optical isomerism, 374 
Pbenylsxilfamic acid, 187 
Pbenylthiyl radical, 619 
l-Phenyltriazolone-5-carboxylic acid, 185 
Pbeophorbide o, 1299, 1311 
Pbeoporphyrin 05 , 1299, 1311-1312 
Pbloroglucinol, 146 
Phospbocreatine, 1113 
Pbosphonium bases, electronic theory, 
1838 

Phosphoric esters of carbohydrates, 
1606-1608 

Phosphorus compounds, optical isomer¬ 
ism, 425-426 

Phosphorus pentachloride, addition to 
cinnamalacetophenone, 696 
addition to dienes, 670 
reaction with aldehydes and ketones, 
655 

reaction with unsaturated ketones, 680 
Phosphorus trichloride, reaction with 
unsaturated ketones, 680 
Photochemical activation, organometal- 
lic compounds, 544-545 
Photochemical reactions, free radicals in, 
625 

Photosynthesis, action of chlorophyll in, 
1314 

role of organometallic compoimds, 578 
Phototropy, 905 

Phthalio anhydride-glycerol polymer, 

703, 719 

Phthalimide reaction, synthesis of a- 
amino acids, 1106 
Phthalocyanin, 1288 
Phthalocyanines, structure, 1877 
Phyllochlorin, 1307 
Phylloerythrin, 1301, 1311 
Phylloporphyrin, 1296, 1301 
Phyllopyrrole, 1263,1266, 1268, 1269 
Phyllopyrrole-carboxylic acid, 1263 
Physical properties and constitution of 
organic compounds, 1720-1806 
Physiological properties, organometallic 
compounds, 676-577 


Physostigmine, 1230-1234 
Fhysoetigmol, 1231 
Ph 3 d.ochemical synthesis, 1330 
Phsdol, ester with propionic add in 
chlorophyll, 1298 
Phytosterols, 1396-1398 
Phytyl group, in chlorophyll, 1298 
Picene, from cholic acid, 1362 
a-Picolinic acid, 1178-1179 
Foments, plant, 1316 
plastid, 1316 
Pilocarpidine, 1250 
Pilocarpine, 1248-1250 
Pilopic acid, 1249 

Pinaoolone rearrangement, see Pinacd 
rearrangement 

Pinacol rearrangement, 968-972, 976- 
977, 985, 1005, 1012, 1015, 1023, 
1030 

cyclization by, 97-98 
Pinacols, migrational aptitudes, 1067- 
1068 

optically active, rearrangement, 1023 
steroid, 1388, 1401, 1410 
Piperic acid, 1181 

Piperidine, rates of reaction with alkyl 
bromides, 1067-1058 
reaction with diMonium compounds, 
951 

Piperine, 1180-1181 
Piperonylic acid, 1181 
Pivot bond, 344 
Planar elements, 222 
optical isomerism, 438 - 44 3 
Plane of symmetry, 224 
Plant pigments, 1316 
Plastid pigments, 1316 
Platinum black, preparation, 786-786 
Platinum catal}rBtB, colloidal, prepara¬ 
tion, 783 
supported, 786 
Platinum compounds, 667 
optical isomerism, 434, 441—443 
Platinum dioxide, preparation, 784 
Plexiglas, 762 

Poisoning of catalyst, d^nition, 796 
Polarimeter, 284-286 
Polarimetry, 281-290 
electromeric, 1847 
tome n, pages 1079-4WS. 
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Polarimetiy, ioductamerie, 1849-1850 
Pdaricability, 1841 
sulfone group, 880 
Pcdaruation, 18U 
mesomeric, 1847-1848 
Pdaroid 284 
Polixiium cmnpounds, 665 
Polyaoetah, 7^ 

Polyamides, 702, 721-727 
from amino acids, 722-724 
from diamines and dibasic acids, 724- 
727 

Polyamines, 735-736 
Polyazines, linear, 736 
Pcdybasic acids, and polyhydric alcohols, 
polyesters from, 714-721 
Pclydentate chelate rings, 1877-1878 
Pdyenes, addition of maleic anhydride, 
686 

phenylated, 693 
Polyenoid systems, 1914-1919 
Polyesters, 702, 707-721 
frtxn glycerol and phthalic anhydride, 
703 

from hydroxy acids, 707-714 
from polybasic acids and polyhydric 
alc<*ols, 714-721 
linear, 710-718 
Polyether resins, 736 
Polyethylene glycols, 771 
Polyfluorides, 969-961 
Polyglucosans from cellulose, 1698 
Pcdyhomologous series, 739 
Pdyhydric alcohols, and polybasic acids, 
polyesters frmn, 714-721 
Pdyisobutylene, 743, 760 
Pdymer, definition, 702 
Pdymeric eleohtds, 737 
Polymeric alkyl silicon oxides, 738 
Polymeric anhydrides, 735 
Polymeric hy^ocarbons, 736-737 
Pdymerization, acetaldehyde, 653-654 
acetylene, 668 

lunylic add derivatives, 750-753 

akkltydes, 767-770 

flttadieiies, 14 

alfeeaes, 12 

a^pinea^lS 

catalbw# for, 741 


Polymerization, catalytic, 12-15, 17,18 
cyclic compounds, 770-771 
definition, 10, 702 
degree of, definition, 741 
dienes, 758-769 
ethylene, 742-743 
ethylenic hydrocarbons, 641 
formaldehyde,' 767 
ionic mechanism, 776 
isobutylene, 743 
ketenes, 664 

mechanism, 11-12, 16, 771-777 
olefins and their derivatives, 740-766 
olefins by metals and organometaUic 
compounds, 627-529 
organogermanium compounds, 572 
photo-, 18-19 
steps in, 772 
styrene, 743-760 
thermal, 12, 15, 18 
vinyl esters, 763-766 
Polymers, cross-linked, 703 
bead-to-bead, tail-to-tail type, 745, 
753 

head-to-tail type, 753, 756 
heat-convertible, 714 
heat-non-convertible, 714 
sulfur analog of polyoxymetbylene, 
925 

synthetic, 701^778 
three-dimensional, 703, 714, 718-721 
Polyolefins, cis-trana isomerism, 464 
Polyoxymethylenes, 702, 767-770 
Polyphenyls, optical isomerism, 870-374 
Polysaccharides, definition, 1633 
Polystyrene, 741, 743-760 
mdecular size, 741 
Polysulfides, organic, 864-866 
general characteristics, 864 
preparation, 864r-866 
from organic sulfides, disulfides, 
and polysulfidee, 865 
from sodium polysulfidefl, 866-886 
from sulfhydryl compounds, 864- 
865 

reactions, 886 
Folysulfones, 766-767 
Polythene, 743 
Polyvinyl acetals, 755 

'"n 
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Polyvinyl acetate, 764r-756 
Potyvinyl alcohol, 766 
Polyvinyl chloride, 702, 764 
Polyvinyl halides, 753 
Polyvinylidene cUoride, 764 
Polyynes, rearrangement, 1011 
Pomegranate alkaloids, 1181-1184 
Porphin ring, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270-1278 
fine structure, 1286-1289 
Porphyrins, chemistry of, 1269-1292 
from chlorophyll, 1295-1297 
NHN bridges, 1288 
N-isomers, 1287 
nomenclature, 1272 footnote 
syntheses, 1267, 1272 
Porphyrinuria, 1289 

Positive halogen compoimds, oxidation 
of meroaptides by, 854-853 
Potentials, ionization, metallic atoms, 
532 

oxidation-reduction, 169,1038-1039 
p-quinones, 1039 

Predissociation in rearrangement mech¬ 
anisms, 974,1004 

Preferential reactions, organometallic 
compounds, 579 
Pregnane, 1489 
Pregnane derivatives, 1490 
Pregnanediols, 1491-1492,1497 
Pregnanediones, 1491-1492 
Pregnanetriols, 1493, 1494 
Pregnene derivatives, 1496 
Pregnenolone, 1491 
A^-Pregnenolone, 1528 
A‘-Pregnenolone acetate, 1626, 1627 
Prism, Fresnel, 287 
Nicol, 283-285 

Progesterone, 1468, 1487-1488, 1614, 
1626 

assay, 1487 
isolation, 1488 

pbysidogical relationships, 1496-1498 
prejjaration, 1606-1507 
structure, 1488-1489 
Progressive pairing of quadrants, 1274 


Propylene oxide, rearrangement, 975 
Propylene oxide sr^ar ring, 1682 
Proteins, definition, 1080 
hydrolysis, 1079-1080 
Protoohlorophyll, 1314 
Protoglucal, 1630 

Proton shift in rearrangements, 1006 
Protoporphyrin, 1260, 1283-1284 
Protosinomenine, 1267 
Protropie shift, in rearrangements, 1021 
Pseudoasymmetry, 235 
Pseudobufotalin, 1449 
Pseudococaine, 1201 
Pseudocodeine, 1222, 1223 
Pseudocodeinone, 1222, 1223 
Pseudoconhydrine, 1180 
Pseudoconiceine, 1180 
Pseudocumene, 132 
Pseudoephedrine, 1176-1178 
Pseudoergotinine, 1244 
Pseudohyoscyamine, 1198 
Pseudo ionic reactions, 1865-1867 
Pseudoopianic acid, 1215 
Pseudopelletierine, 1181-1182, 1253 
Pseudosapogenin, 1462-1463 
Pseudostrophanthidin, 1439 
Pseudotropine, 1197,1200 
Psicain, 1201 
Punicine, 1183 

Purdie methylation of sugars, 1654 
Pyranohexosides, 1626 
Pyranose ring structure, establishment, 
1553-1566 
Pyrazoles, 136 

rearrangement, 974 
PyrazoUnes, pyrolysis, 94-96 
P3rrene, 172 

I^ridine and alkyl bromides, competitive 
reactions, 1064^1066 
Pyrocalciferol, 1404, 1410 
Pyroisolithobilianic acid, Clmnmensen 
reduction, 1369 

Pyrolithobilianic acid, Qmnmensen re¬ 
duction, 1369 

Pyrolysis, determination of stability by, 
1063 

hemin, 1280 

organometallic compounds, 570-671 
pyrazolines, cycUzaUon by, 94>-96 


Proline, 1118-1121,1146 
Propionic add fermentation, 1662 
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Pytdlym, salts of dibasic soids, 
Bulfonium hydroxides, 869 
sulfonium salts, 868-869 
thioaldehydes and thioketones, 928 
T-Pyrone, 1331-1332 
Pymoetiopcffphyrin, 1296 
Pyrroles, alkylation, 1265 
rearrtuigement, 976 
Pyrrolidoneearboxylic acid, 1116, 1117 
Pyrroporphyrin, 1274, 1290, 1291, 1296 

Q 

Quaternary ammonium bases, electronic 
theory, 1838 

Quaternary ammonium fluorides, 950 
Quaternary ammcmium salts, optical 
isomerism, 413-417 
Quebrachine, 1234 
Quercetin, synthesis, 1336-1338 
Quinaldine, 153 
Quinicacid, 1203 
Quinidine, 1207 
Quinine, 1202,1205 
Quininic acid, 1206 
Quininone, 1205 

Quinoid structures, anthocyanidios, 1317 
footnote 

electronic theory, 1922-1924 
Qtiinones, 689 
addition reactions, 691-692 
oxidation-reduction potentials, 159, 
1039 

Quinovic aeid, 1203 
Quinuclidine, 1203 
Quiteiine, 1205 

R 

Racemic acids, resolution, 259 
Racemic bases, resolution, 260 
Raeemic compounds, 248 
in liquid state, 253 
Raenmic nuxture, 248 
Baeetiiic tnodifications, 240-263 
defioRioa, 225 

detemtinhtion of natun, 249-258 
mixture, 248 


Racemic modifications, methods for dls- 
tinguisbing, 249-253 
freesing-point method, 249-250 
solubility method, 251-253 
molecular compound, 248 
properties, 248-254 
resolution, 254-264 
solid solutions, 249 
Racemic solid solution, 240 
Racemixation, 241-248 
amino acids, 1093-1095 
by physical means, 241 
enollzation and, 244-246 
Grignard reagents, 616 
in rearrangements, 967,982, 984,1022 
kinetics of, 243 
mechanism, 241-242 
tautomerization and, 243 
thermal, 242 

Radical reactions, 1863-1864 
Radicals, see Free radicals 
series by cleavage of organometallic 
compounds, 619-620, 660 
Radioactive chloride ions, effect on re¬ 
arrangements, 994 
Raman effect, 1774-1794 
Raman shifts, for characteristic linkages, 
1777 

value in structure determination, 
1775-1776 

Random distribution, 1808-1809, 1815- 
1818 

Random equilibrium mixtures, composi¬ 
tion, 1816-1818 
Raney nickel, preparation, 788 
Raoult’s law and sedubility, 1738 
Rate constants, reliability, 1060-1062 
Rate data, calculation of dipole moment 
from, 1030 

Rates ol reaction, alkyl bromides and 
pnpeiidine, 1067-1068 
alkyl chlorides and metallic iodides, 
1053-1056 

competitive reactiems, oompaiiscm of 
reactivity, 1064-1072 
diphenylohloromethanes and acyl 
chlorides with alotdwls, 1055-1057 
estenfication, 683 


and alcoholysis, 1044-1040 
IMumm I, pages t-WHi VefluuM R, pegs* lOTfl-'lSSS. 



INDEX 


Bates of reaction, formation of acetals, 
1046-1048 

formation of semicarbazones, 1049- 
1052 

formation of thiourethanes, 1058-1060 
general considerations, 1033 
rearrangements, 1027-1031 
three-carbon tautomerism, 1041-1044 
Reactivity, relative, see Relative reactiv¬ 
ity 

Rearrangements, a,y-, 1003 
activated complex in, 1028 
active molecules in, 975, 980 
acyl azides, 977 
N-acylpyrroles, 976 
alcohols, 1012, 1023 
aldehydes, 971 
N-alkylanilines, 995 
N-alkylanilinium salts, 995 
lerl.-alkylcarbinola, 1023 
alkyl phenyl ethers, 997, 1023 
N-alkylpyrroles, 976 
allenes, 663 

allylic, 187, 1004, 1006, 1018, 1881- 
1883 

azides, 977 

Beckmann, 470-471, 979, 984, 1004, 
1026,1225 

benzhydroxamic acid, 977 
benzidine, 976, 995,1021 
benzilic acid, 974, 976, 980, 986,1000 
benzylazide, 979 
butadiene dibromides, 1001 
camphor series, 992 
Chapman, 1016 
Claisen, 141,149,189, 999 
Curtius, 977-980, 988-990,1004,1013, 
1022,1024 

cyclic compounds, 971 
as intermediates, 973, 976, 990 
cyclobutane intermediates, 972 
cyclopropane intermediates, 972, 973 
d^adation of camphoric acids, 1013 
dehydration of alcohols, 1012 
Demjanow, 96-97,107 
diazides, 978 

diazoamino compounds, 993 


Jv 

Rearrangements, electronio co&o^it, 
1004-1027 

ethylene oxides, 1017-1018 
free radicals in, 973-988 
Fries, 898, 998 
glycols, 968-972, 976 
Grignard reactions, 516-517, 1003, 
1009-1011 

N-haloacyianilides, 994 
halogen amides, 977 
Hofmann, 977-980, 989, 1004, 1008, 
1013, 1014, 1022 
bydramine fission, 1205 
hydrazobenzene, 976 
hydrobenzoin, 970, 976 
hydroxamic acids, 977, 980 
hydroxylamines, 978 
indole derivatives, 974 
intermolecular carbonium-ion mecha¬ 
nism, 999 

intramolecular oxidation-reduction, 
1005 

ionic hypothesis, 989-1004 
isoaunylaniline hydrobromide, 996 
Lessen, 977-980,1004,1013,1022 
mechanism for allylic, 1881-1883 
methylaniline, 976 

migration aptitude in, 968, 978, 1030- 
1031 

molecular, 966-1031 
neopentyl compounds, 1007 
olefin intermediates, 072 
optical activity during, 399-400 
optically active alcohols, 1000 
optically active alkyl halides, 988 
optically active amides, 983 
optically active amino alcohols, 987- 
988 

optically active diazoketones, 1014 
optically active ethers, 999 
optically active glyc<^, 1015 
optically active ketones formed in, 
1015 

optically active pinacds, 1023 
c^tically active radicals, 1022 
optically active sulfinie esters, 999 
optical stability of ions, %9 
cnddation-ieductioa in, 987, 1005 
1012,1022 


^dibromides, 1002 
ohenylketene intermediate, 974, 980 

Votame I, pages 1-1077; Velume H, page* 107»-l«8. 
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BumoigeoieDts, oximes, 979,9S4 
peroxkieB, 975 
phenolic esters, 998 
I^tenolio ethers, 189, 1882 
phenylhydroxylemine, 976 
pinaool, 968-972, 975-977, 986, 1005, 
1012,1015, 1023,1030 
competitive reactions, 1066-1069 
cyclization by, 97-98 
pdyynee, 1011 
propylene oxide, 973 
pyrazcJ^ 974 
reaction rates, 1027-1031 
o(,y-rule, 187 
semidine, 1021-1022 
semi-hydrobenzoin, 971 
semi-pinacols, 971 

stereochemical considerations in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in alkaline media, 1640-1646 
sulfinic esters, 999 
terpenes, 991 

triarylmethyl peroxides, 975 
triphenylmethylhydroxylamine, 978 
urea derivatives, 981 
vinyl methyl ether, 974 
Wagner, 98, 990,1000,1019 
Wdff, 1014, 1015,1024 
Redistribution reaction, 1806-1820 
aliphatic halides, 1810 
catalysts fcH-, 1814 
equihbrinm constants, 1815-1818 
esters, 1809-1810 
kinetics, 1818-1820 
mechanism, 1818-1820 
organoinetallic halides, 1812-1813 
(Hganometallic (RnM) compounds, 
1810-1812 
Reductic acid, 1637 
Reduction, aldehydea, 803-805 
alkooes, 797-802 
alkynes, 802-803 

aromatic compounds, 73-74, 817-819 
asobeiuene by oiganometallio com- 
paaads,512 

btedOcnlar, 643-«44,676-677 
by Gii^mrd reagent^ 502, 614, 644, 


Reduction, by metal combinations, 843- 
644, 677, 697 
carbonyl group, 643-645 
catalytic, 634, 697, 797-819 
chloral by Gtignard reagent, 514 
Clenunensen, 644 
dienes, 667, 801-802 

I, 2-diketoDes, 671 
disulfides, 843 
electronic mechanism, 1858 
halogen compounds, 808-809 
ketones, 805-807 

mechanism invdving free radicals, 628 
naphthalene, 145 
nitriles, 809-810 
nitro compounds, 815-817 
nitro group, 661 
olefins by metals, 526-529 
oximes, 811 
phenylated dienes, 693 
selective, of carbonyl group, 678 
sugar lactones, 1539 
sulfonyl chlorides, 843,844 
tbiolsulfonates, 909 
triphenylmethyl, 699 
unsaturated diketones, 693-694 
Wolff-Kishner, 644,1363 
Reduction potentials of quinones, 159 
Reductone, 1637 
Reformatsky reaction, 647-648 
mechanism, 548 
steroids, 1433,1476 
Refraction of alkyl fluorides, 952 
Refractive index, 1750-1762 
Refrigeration agents, 959,962 
Regularobufagin, 1452 
Reichstein's compound, D, 1516,1517 
E, 1520,1626 

J, 1519 

K, 1516,1617,1624 

L, 1519 

M, 1520 

O, 1619 

P, 1616,1517 
R, 1516,1518 
8,1521,1622 
T, 1521 

Retmer-Tiemann raaction, 190,199 


mechnnkan, 1882 
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Rdnecke salt, 1118, 1126 
Relative acidities, 633-538 
Relative reactivity, carboxyl group, 683 
chlorides with potassium iodide, 1054 
ethylenic linkage, 683 
functional groups, 601,604,548,663 
in sulfonyl interchange, 911 
interpretation of data, 1072-1077 
organometallic compounds, 494 , 610 , 
618, 624, 626, 630-636, 646-646, 
562 

substituted ethanes, 609 
Resacetophenone derivatives, 141 
Residual charges, 1850-1852 
Resins, aldehyde, 650 
alkyd, 714 
Ciba type, 732 

Resolution, amino acids, 1109 
biochemical processes, 263-264 
conversion to diastereoisomers, 266- 
260 

equilibrium method, 261-263 
kinetic method, 260-261 
mechanical separation, 254 
preferential crystallization, 254-266 
Resonance, aromatic compounds, 207 
chemical bond, 1943-1983 
definition, 1784 
electronic theory, 1831-1832 
idea of, 1950-1951 
keto-enol systems, 1935 
mesomeric polarization, 1847-1848 
molecular structure, 1943-1983 
organic anions, 1837 
oxime-nitrone tautomerism, 1936-1937 
Resonance effects, in benzene ring, 
1029 

Resonance energy, calculation, 1967- 
1970 

conjugated systems, 1917 
definition, 1950 
empirical values, 1968-1969 
organic compounds, 1801 
Restricted rotation, 471 
about oaibon-oarbon bond, 379-381 
about carbon-nitrogen bond, 377-379 
about carbon-oxygen bond, 381-382 
due to many-membered ring, 373 
rffect of groups, 362 

Volume I, pages 1-1077; H 


Restricted rotation, ncm-beozenoid ring 
compounds, 374-377 
Rhenium compounds, 566 
Rhodanine, amino acids from, 1108 
Rhodoporphyrin, 1274, 1291, 1296 
synthesis, 1275-1278 
Ridn, 1187 
Ricinidine, 1187 
Ricinine, 1186 
Ricimnic acid, 1186-1187 
Ring-chain tautomerism, 1937 
Ring closure, see Cyclization 
Ring contraction, alicyclic oxides in 
Grignard reaction, 512-514 
chlorohydrins in Grignard reaction, 
513 

methods, 96-100 
Ring expansion, methods, 96-100 
Rings, strainless, 69-70 
Ring structures of sugars, 1545-1686 
determination by glycol-sphtting re¬ 
agents, 1568-1569 
furanose, 1556-1563 
other than furanose and pyranose 
types, 1581-1584 
pyranose, 1553-1556 
Rosanoff classification of sugars, 1541- 
1544 

Rosenheim test, 1391 
Rosenmund reduction trf acid chlorides, 
808-809 

Rotation, free, 228 
molecular, 285 
restricted, 471 

Rotatory dispersion, 288, 293 
Rubber, synthetic, 759-766 
vulcanization by organometallic com¬ 
pounds, 678 

Ruff degradation of sugars, 1540-1541 
Ruggli high-dilution principle, 707, 710 

S 

Saccharic acid, pr^iaratioD, 1537 
Saccharrin, 904 

Saccharinic add, formation, 1646-1649 
Saccharinic adds, 1646 
Sachse-Mohr themy strainless tings 
69-70,114 

turns Q, pages lOTft^UAS. 
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Salio^c acid, E<^ Bjwiheffis, 201 
SalktWBki reaction, 1390 
Sabdine, 1254 

Salta, inorganic, reaction with Grignan) 
reagent, 510 
SalvatBan, 919 

Sapoguiins, see Digitalia sapogenins 
Saponina, see Digitalia eaponina 
Swan aynthetic rubber, 754 
Sarcoeine, 1111 
Barmfflitogenin, 1446-1447 
Baraaeapogenin, 1459,1464 
Saraaaapogenoic acid, 1462 
Saraaaapqgenone, 1462 
Sanaaapcmin, 1456, 1457 
Bcandiun) compounda, 554 
Sehiff baaea, 652, 658-660, 1096, 1097 
SduBigin reaction, 533 
Sdiweitaer’a reagent, action on cellulose, 
1674 

ScQlaren A and B, 1448 
Scilbuidin A, 1448 
SoofMDe, 1197 
Seopdamine, 1197, 1198 
Soopdine, 1197 
Scymnol, 1426 

Bdectivitjr of hydrogenation catalyste, 
794 

Sdenium, reaction with Grignard re¬ 
agent, 508 

Selenium eompounde, optical iaomerism, 
423-424 

Sdraium ddtydrogenation, see Dehydro- 
gmstkm with selenium 
Selenium thoxide, action on sterols, 1385 
ot-Sdinene, dehydrogenation, 118 
Sanicarbaaonea, catalytic reductum, 812, 
814 

table of, 814 

equilibria and latee in foimation, 
1049-1062 
formatim, 652 
faydrdyais, 1061-1052 
fiamidine rearrangemeatt, 1021-1022 
Sanndisrdiobenzoin reurangemmt, 971 
8ettiiHpm<M>dic deaminstion, 1012 
£)acal<$inaed8, rearrangement, 971 
radicals, 619 

SwMibwwine^ 1244 

v 


Serine, 1120-1123 
Serine-phosphoric acid, 1122 
Sesqui-mustard, 860 

Sex hormones, 1468-1510; see also under 
individual classes 
biogenesis, 1528-1530 
Shared-electron-pair b<md, 1949-1960 
Silica gel as support for palladium 
catdyst, 787 

Silicon compounds, optical isomerism, 401 
Silicon-containing pdymers, 738-739 
Silver compounds, 642-544 
Silver iodobenaoate, oxidation d othyl- 
enic linkage, 635 
Sinomenine, 1226, 1267 
Sitosterols, 1395, 1396-1397 
SK A synthetic rubber, 764 
Skatole, 1161 

SK B synthetic rubber, 764 
Skraup reaction, 149 
Smilagenin, 1464 

Sodium bisulfite, see Alkali bisulfite 
Sodium borofluoride, use in syntheeis of 
aryl fluorides, 951 

Sodium peroxide, action on unsaturated 
carbonyl compounds, 676 
Solanidines, 1467-1468 
Sdanines, 1467 
Solasodine, 1467 
Solasonine, 1467 
Solatubine, 1467 
Solatunine, 1467 

Sdubility, and interrud pressure, 1738 
organic compounds, 1737-1738 
eulfhydryl compounds, 840 
Sorbitol, 1538, 1544, 1587 
f-Sorboee, preparation, 1634-1636 
Specific rotation, 285 
Specific viscosity, 1748 
Spectroscopy, determination of ohdation 
by, 1869 

Spinasterols, 1397-1398 
Spiranee, in chelate rin^ 1871 
optical isomerism, 340-343 
Sponsler and Dore, x-ray atructure d 
edluloee, 1710-1711 
Squill sgluoon, 1448 


StabilitioB, deteroflaation d relativo; 
VfititimX,pagM 1-10771 Tohtma II, p<«m10T9-196S. 
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StEbiliticSf tli6rtiial, of organometaJlic 
compounds, 521, 642-644, 551, 
662,669, 675 
Staehydrine, 1120,1189 
Standard cellulose, 1667 
Starch as polyacetal, 734 
Staudinger’s viscosity equation, 747, 
1707 

Stenols, 1387-1388 

Stereochemistry, cholestane type, 1367- 
1369 

coprostane type, 1367-1369 
oximes, 1025-loi27 
steroids, 1367-1379 
Stereoisomerism, 218-487 
Steric hindrance, effect on reactions of 
organometallic compounds, 606, 
628 

in coupling reactions, 197-198 
Sterocholic acid, 1424 
Steroid alkaloids, 1467-1468 
Steroids, 1341-1531 
biogenesis, 1528 
configurational notation, 1372 
definition, 1344 
epimenzation, 1373-1374 
glucoside formation, 1375 
history, 1346-1348 

lelation to oc-tetrahydro-^-naphthoIs, 
1378, 1379 
ring system, 1344 

spatial isomerism, of hydroxyl groups, 
1372-1378 

of nuclear rings, 1369-1372 
stereochemistry, 1367-1379 
structure, and optical rotation, 1378- 
1379 

of nucleus, 1349-1367 
p-toluenesulfonates, 1376 
types, 1345 
t-Steroids, 1384 
Sterol ketones, 1388-1390 
bromination, 1389-1390 
Stercd peroxides, 1388 
Sterol pinacols, 1388,1401,1410 
Sterols, 1379-1411; see also under tV 
dwidual metnhers 

and bile acids, ownmon nucleus, 1349- 


Sterols, color reactions, 1390-1391 
definition, 1379 

from lower forms of nnimal life, 1396- 
1396 

isolation, 1379, 1382 
molecular comtwunds, 1391-1392 
natural and derived, 1380-1381 
nomenclature, 1382 
nuclear unsaturation, 1385-1388 
occurrence, 1379 
reactions, 1379-1392 
of the Ca—OH group, 1383-1384 
of the Ci7 side chain, 1384-1386 
ring system, 1382 
side chains, 1366 

Stibonium bases, electronic theory, 
1838 

Stigmasterol, 1396, 1397 
ozonization, 1384 
Stilbestrol, 1484 
Strainless rings, 69-70, 114 
large naturally occurring, 105 
Sachse-Mohr theory of, 69-70,114 
synthesis of large, 79-80, 89 
Strain theory, Baeyer, 68 
Strecker reaction, preparation of sulfonic 
acids, 890 

Strecker synthesis, amino acids, 1106- 
1106 

Strength of acids and bases, 1034-1036 
Strontium compounds, 646-547 
Strophanthidin, 1435-1440 
Cj—OH group, 1439-1440 
Cs—OH group, 1440 
Cio—OHO group, 1438-1439 
Ci 4 —OH group, 1435-1438 
isolation, 1435 
lactone ring, 1436 
structure, 1436-1440, 1441 
Structure of simple molecules, resonance 
1962-1967 
Strychnic acid, 1237 
Strychnidine, 1237 
Strychnine, 1236-1243 
Stryohninolic acid, 1239 
Strychninolone, 1239 
Stryohninonic amd, 1239 
Strychnos alkaloid^ 1236-1243 
Stuart atomic models, 821 


1360 
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St^raieitai, oonfigumtion, 1827 
structure determination, 1624-1626 
Styrene^ pdymerization, 743-760 
thermal pcdymeriaation, 744 
Styrene-maleic anhydride polymer, 767 
Substituent groups, directive influence, 
202-212 

Substituted sugars, 1606-1617 
Substitution, and (mentation, in the 
bensene ring, 202, 1029,1976 
indirect, 187 

Substitution reactions, alkadienes, 44 
alkmes, 36-37 
alkmiynes, 45 
alk3ri^ 46 

animdc reagoits, 273-274 
mechanism of, 272 
Walden inversicm in, 272 
Sueroee, structure determination, 1600- 
1602 

Sugars, see ttnder tndwidnal memben 
y-, 1657 

acetals, 1578-1579 
acetates, 1561 

acetone derivatives, 1657-1559 
aoetyiation methods, 1561 
acyclic structures, 1676-1681 
alcohols, 1538 

aldehyde acetates, 1575-1581 
aldonic adds, 1537-1538 
amino, 1613-1617 
anhydio, 1617-1623 
a 80 (HiHe acid, 1633-1638 
bmtzoyiated, 1561 

configurational iscHnerism, 1535-1545, 
15ro-1572 

cyanohydrin prqmratkm, 1538 
degradation methods, 1640-1641 
degradations, 1638-1662 
derivatives, 1606-1663 
descncy, 1631-1633 
diose structure, 1683-1684 
disaocharide structure, 1682-1603 
mediob, 16S4-16ai 
enclio stiuoture, 1684-1686 


Sugars, glycak, 1628-1631 
glycoaeens, 1623-1628 
glycosides, 1561,1672-1678 
^ycuronic adds, 1587, 1590-1592 
isomerizations, 1638-1662 
ketoses, 1686-1587,1688-1689 
lactone studies, 1663-1568 
lactonization of aldonic adds, 1538 
meaaniement of optical rotation by 
maximum solubility method, 1560 
mercaptals, 1562,1575 
methylation, 1664,1694 
methyloeee, 1632-1633 
mono- and oligosaccharides, 1532-1604 
mutarotation, 1646-1646 
notation of configurations, 1643,1550- 
1651 

oligosaccharides from cellulose, 1696- 
1699 

oxidation, 1649-1654 
by lead tetraacetate, 1569 
by periodic acid, 1568-1569 
pentoses, 1541-1542 
rearrangements, 1638-1646 
reduction of lactones, 1539 
ring structures, 1645-1586 
Rosanoff classification, 1541-1644 
rules of optical rotation in, 1561-1553 
saccharinic acid formation, 1646-1649 
tautomeric forms, 1583-1586 
thio, 1612 
trioees, 1583-1684 
Sulfa drugs, 904 
Sulfanilamide, 004 
Bulfanilic add, 187 
Sulfapyridine, 904 
Sulfapyrimidine, 904 
Sulfathiazole, 604 
Bulfenamides, preparation, 922 
Sulfenic acid derivatives, 620-923 
genoal characteristics, 620 
Sulfenic anhydrides, 921 
Sulfenyl halides, from disulfides, 920 
from meroaptoBS, 980-921 
hydrulyns, 921-^ 


epteierisation of sngair adds, 1640 
cfanof, 1536,1639-1846 

mm , 1606-1612 

ieiOMiilliticHi. 1664r-1662 


reaetiow, with active methylene com* 
pounds, 923 

with alcdMls and phenols, 922 
with ammonia and amines, 922 


?^iase I, pegea Ir-iOTT; Voteaw n, pagaa ]076"li63. 
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Sulfhydiyl oompoundB, 839-862; see olso 
M 6 rcaptan 5 and Thiophcnols 
boiling points, 840-841 
ooourrence, 839 
odor, 839 
solubility, 840 
toxicity, 839 

Sulfides, organic, 863-861 
cleavage by cyanogen bromide, 869 
formation from diazonium salts, 856 
formation from olefins, 86&-856 
general characteristics, 853 
preparation, 854-867 
by alkylation, 854-866 
from aldehydes and ketones, 867 
reactions, 858-860 
with halogens, 868 
with inorganic salts, 858-869 
Sulfilimines, optical isomerism, 422-423 
Sulfinamides, preparation, 917 
Sulfinic acids, 913-919 
addition to unsaturated ketones, 680 
formation of acid derivatives, 915-917 
general characteristics, 913-914 
metal replacement, 918-919 
nomenclature, 913 footnote 
oxidation, 917-918 
preparation, 914-916 
by Friedel-Crafts reaction, 915 
from diazonium salts, 916 
from ethylene disulfones, 916 
from organometallic compounds, 
915-916 

reactions, 917-919 
with aldehydes, 918 
with diazonium salts, 918 
with a,/S-unaaturated carbonyl com¬ 
pounds, 918 

thiolsulfonates from, 906 
Sulfinic esters, optical isomerism, 421 
optically active, rearrangement, 999- 
1000 

preparation, 916-917 
from sulfonyl chlorides, 914-916 
Sulfinyl anhydrides, preparation, 917 
Sulfinyl chlorides, preparation, 917 
Sulfinyl group, 870 footnote 
Sulfonamides, alkylation, 902 
halogenation, 901—902 

Vohune I, i»ag*a ^ 


Sulfonamides, hydrolysis, 900-901 
reactions, 900-904 
with aldehydes, 903 
reduction, 903 

Sulfonates, alkylation by, 896 
Fries rearrangement, 898 
reactions, 896-898 
with Grignard reagent, 897-898 
Sulfonation, alkenes, 177-178 
aromatic compounds, 176-178 
phenanthrene, 161 

preparation of sulfonic acids, 887-888 
Sulfone group, activating effect, 881, 
886 

electron attraction by, 879-881 
in di- and polysulfones, 883-884 
influence upon halogen, 882-883 
influence upon hydrogen, 879 
Sulfones, 873-885; see also Monosulfones 
and Disulfones 
condensation reactions, 882 
general characteristics, 873 
Michael reaction, 882 
preparation, 874r-877 
by alkylation of salts of sulfinic 
acids, 874r-875 

by Friedel-Crafts reaction, 875 
by oxidation of sulfides and sulf¬ 
oxides, 874 

by reaction of olefins with sulfur 
dioxide, 875-876 
reactions, with alkali, 877-878 
with Grignard reagent, 881 
with reducing agents, 877 
unsaturated, 884-886 
a,|3-unsaturated, 672 footnote 
Sulfonhydrazides, hydrolysis, 903 
Sulfonic acids, 886-904 
conversion to sulfonyl halides, 891 
esters of, see Sulfonates 
general characteristics, 886 
nomenclature, 886 footnote 
preparation, 887-891 
by addition bisulfite to <fiefinS; 
890-891 

by oxidation, 888-890 
by Stiecker reaction, 890 
by sulfonation, 8^-888 
reactions, 892-896 

tume n, pages 1079^^968. 
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Sulfonie adds, i^dMement oi sidfonate 
group, amino group, 894 
by cyanide, 893 
' by halogen, 893-894 
by hydrogen, 892 
by hydroxyl, 892-893 
by nitro group, 896 
Sulfonium compounds, 867-870 
fn»n disulfides, 867 
frcnn sulfides, %7 
general ohantcteristics, 867 
prq>aratian, 867-868 
Sulfonium hyilioxides, pyroIyBis, 869 
reaciions as bases, 860-870 
Sulfonium salts, formation of addition 
compounds, 869 
optical isomerism, 419-421 
pyrolysis, 868-869 
o-Suifonyl acids, 885 
Sulfonyl dilorides, reduction, 843, 844 
Sulfonyl fluorides, synthesis, 948 
Sulfonyl halides, hydrdysis, 898 
preparation, 891 
reactions, 898-900 
with amines, 898-899 
with enolates of active methylene 
compounds, 899 

with organometsdlic compounds, 
899-900 

thkdsulfonatm fr<»n, 907 
Sulfonyl interchange, 911 
<F-Su]fonyI ketones, 886 
Sulfoxide group, activating effect, 885 
Sulfaxidee^ 870-873 
ci»4r(in< ismnerism, 483-484 
general dtaracterietics, 870 
optical isomerism, 421-422 
preparatim, by Friedei-Crafte reac¬ 
tion, 871 

by hydrolysis of dihslides of sulfides, 
871 

by oxidation of sulfides, 870-871 
from Gtignard reagent, 871 
feaetiotis, 872-873 
with adds, 872 
with aqueous ddorine, 878 
ed«h,l«iocing agents, 872-873 
Sidfar, p g ia md oo at vahmoe shdl, 

9 $ 


Sulfur, reaction with Grignaid reagent, 
507-508 

Sulfur aiudogs d carbonic add, 938-939 
Sulfur chloride, addition to ethylenic 
linkage, 641 

as chlorinating agent, 44 
reaction with olefins, 865-856 
Sulfur compounds, optical isomerion, 
419-423 

oiganic, 835-943; see also tender 
individual members 

reasons for differences from oxygen 
compounds, 838 

Sulfur-containing functional groups, 837 
Sulfur dioxide, pol}rmerization of define 
by, 766-766 

reaction with Grignard reagent, 505 
reaction with olefins, 876-876 
Sulfuric acid, addition to ethylenic 
linkage, 639-640 

Sulfuric estera of carbohydrates, 1609 
Superpolyesters, preparation, 711 
Supported palladium catalysts, 786-787 
Supported platinum catalysts, 785 
Suprasterote, 1410-1411 
Surface tension, 1739-1741 
Sweetening of gasoline, 852 
Symbols, electronic, 1834 
Symmetry, alternating axis of, 320 
plane of, 224 
point of, 318, 327 

Syn- and anti-oximes, interconveraion of, 
472 

SyvrorUi isomerism, see Cis-trans isomer¬ 
ism 

Synthetic polymers, 701-778 
Synthetic rubber, 769-766 
Syringidin, 1318-1319 

T 

Tachysterol, 1404 
Tannins, 1609 
Tantalum compounds, 661 
Tarconinea, 12% 

Tartaric adds, 232-238 
dextro, 232,1546 


leva, 232 
meae, 232 
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Tartaric acida, properties, 233 
racemic, 232 
Taurine, ^ 

Tautomeric effect, resonance, 1977 
Tsutomerism, 219 
electronic theory, 1934-1940 
fructose, 1586 
glucose, 1585 
keto^nol, 684 
three-carbon, 1041-1044 
Tellarium, reaction with Grignard re¬ 
agent, 508 

Tellurium compounds, optical isomer¬ 
ism, 424 
Teloidine, 1198 

Terephthalic acid, reduction, 144 
Terpenes, 70-73 
rearrangements, 991 

Terphenyls, cis-trans isomerism, 486-487 
optical isomerism, 370-373 
Tertiary amines, attempts to resolve, 
403-404 
coupling, 195 

Testosterone, 1468, 1502, 1503-1504, 
1509 

cis-Testosterone, 1504 
Testosterone propionate, 1510 
Tetraarylallyls, W 
syrn-Tetraaryldialkylethanes, 606 
«I/»n-Tetraarylethanes, 604 
Tetraarylhydrazines, dissociation, 616- 
617 

Tetraarylsuccinonitriles, 611 

Tetraethyllead, 560, 577 
Tetrahedral bond orbitals, 1954-1956 
Tetrahedral carbon atom, 1962—1966 
evidence for, 222r-223 
Tetrahedral elements, 222 
Tetrahydroberberine, 1216 
oc-Tetrahydro-fl-naphthols, relation to 

sterols, 1378, 1379 

Tetrahydroneoergosterol, 1476, 1478 
Tetrahydrostrychnine, 1237 
Tctrahydroxycholane, 1426 
Tetrahydroxynorsterocholanic acid, 1424 

Tetralin, 167 
Tetralols, 146 

Tetramethylammonium, metallic prop- 


Tetramethylfmctopyranose, 1694-1596 
Tetramethylglucofuranose, establish¬ 
ment of structure, 1662 
Tetramethylglucopyranose, 1554-1556 
•Y-Tetramethylglucose, establishment of 
structure, 1660 

1,1,2,2-Tetraphenylcyelopropane, stabil¬ 
ity, 603 

sj/TB-Tetraphenyldibensoylethane, 610 
Tetraphenylethylene, bromination, 142 
Tetraphenylhydrazine, half life, 617 
5,6,11,12-Tetrapben3rinaphthacene, 603 
Tetraphenylsuccinonittiles, dissociation, 
774 

Tetrasulfides, 864 

Tetrazoles, formation from diazides, 978 

Thallium compounds, 568-569 

Thebaine, 1221, 1226 

Thebainone, 1226 

Thebenine, 1225 

Theelin, see Estrone 

Theelol, see Estriol 

Thermal decomposition, ceUulose, 1699- 
1700 

free radicals in, 626 
Thermal polymerization, styrene, 744 
Thermodynamic properties, calculated 
from spectroscopic data, 1803- 
1804 

of organic compounds, 1794-1804 
Thermosetting, 732 
Thevetigenin, 1444 
Thevitin, 1453 

Thiazoles, preparation, 936-937 
Thiele formula for benzene, 127-128 
Thiele theory of partial valence, 666 
Thio acid chlorides, preparation, 935 
Thio acids, general characteristics, 929- 
930 

preparation, 930-931 
reactions, 936-936 
Thioaldehydes, 923-929 
from metbjdene halides and metal 
sulfides, 926 

general characteristics, 023-924 
oxidation, 927 

preparation frcHB aldehydes with 
hydrogen sulfide, 924-925 
pyrolysis, 928 
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IliiOBld^^jrdes, rautionB, with a}k^ 
iodidea, 828 

with heavy metal salts, 928 
Duoalkylatioii, 910, 918 
Thioamkes, jnvparation, 038-935 
reacticmB, 936^7 
l^uoanhydrides, 936 
of sulfonic acids, 911 
Thiocyanates, 942 
ndocyanic acid, 939 
Thiocyanoeen, 912 
addition to ethylenic Unksge, 638 
Thioestaa, hydrolysis, 843 
Thioethers, aee Sulfides 
Thioformaldehyde polynm', 769 
Thioketmiee, 923-929; see also Thioaldo- 
, hydee 

from ketones and phoephorus pentasul- 
fide, 926 

preparation by Friedel-Orafts reac¬ 
tion, 927 

Thiokola, 733-734, 760, 866 
Thiolcarbamates, 638 
Thiol esters, preparation, 932-933 
Thiolhistidine, 1160-1157 
Thiolsulfonates, 906-913 
general chaiacteristics, 905 
faydralysis, 909 
oxidation, 910 
preparation, 906-908 
from disulfides, 907 
from sulfinic adds, 906 
from sulfony] halides, 907 
reactions, 908-912 
with active methylene compounds, 
910 

with Gtignard reagents, 909 
witb {dienolB, 910 
with sulfhydiyl oompomids, 906 
reduction, 909 
structare, 912-913 

Thkdsulfonic eetme, see ThioisuifanatCB 
TbieimethylpentoBe, 1612 
TbkjaeBsAexoaiM, 

Tldomeeters, preparatiaa, $0 
Tfahmex, %9-940 , - 


Hiiopbenols, 839, 844-852; see also 
Sulfhydryl oompounde 
addition to define, 850-861 
addition to unsaturated ketonee, 680 
preparation, 844-846 
by reduction of sulfonyl chlorides, 
844 

from diazonium salts, 844-846 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 861 

with organometallic compounds, 862 
with oxidizing agents, 851-852 
with a,6-unaatuTated carbonyl com¬ 
pounds, 860 
Thio sugars, 1612 
Thiourea, 938 
preparation, 940 
reactions, 940-941 

Thiourethanes, rates of formation, 1068- 

a060 

Thiuram disulfides, 939-940 
Thorpe reaction, synthesis of large car¬ 
bon rings, 88-89 

Three-carbon tautomerism, equihbria 
and rates, 1041-1044 
Thtee-dimenBtonsl mdecules, formation, 
719-720 

Three-dimensional polymers, 703, 714 
718-721 
solubility, 742 

Three-electron bond, 1960-1961 
Threonine, 1123-1124 
Thujaketone from eigosterd, 1399 
Tbyroxine, 1129-1130 
Tiffeneau reaction, 1627 
Tigogenin, 1464,1465 
Tigonin, 1466 
Tin compounds, 668-560 
optical isomerism, 424-426 
Tishchenko reaction, 649, 792 
Toad poisons, 14^-1462 
physiological potency, 1453 
Tobacco alkaloids, 1190-1193 
Tdiras oelltiloee formula, 1702 
p-Tdueneeulfonatee, stcsxnkla, 1875 


TTdouynfnmee, reaetinn ^9^ Qrignard 
iWBnt.fias 

fonoatioH, 996 
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Toluenetetmcarboxylio add, 1401,1404, 
1410 

Tosylation d cellulose, 1682-1683 
Toxisterol, 1411 
rrofis-migration, 1026-1027 
Transmissioa of activating effects, 633, 
1909 

Traube reaction, 1189 
Trehalose, 1593 
Triad anion tautomerism, 1018 
Triad systems, 1937-1940 
tautomeric, 1937 
Triarylhydrazyls, 617 
Triarylmethyl peroxides, rearrangement, 
975 

Triarylmethyls, 585-602 
addition reactions, 598-600 
amphoteric nature, 601 I 

chemical properties, 596-602 
conduction of electric current, 601 I 

dimerization, 597 
displacement reactions, 600 
disproportionation, 597 
preparation, 595-596 
quinoid structure, 686-587 
reaction, with inorganic salts, 601 
with triarylmethyl halides, 600 
stability, 596-597 
test for, 598 

Tribenzoylmethane, 193 
Tricovalent carbanions, 988 
Trigonelline, 1186 

Trihydroxybufosterocholenic acid, 1424 
3,5,7-Trihydroxyflavylium chloride, 1317 
Trillarin, 1456, 1457 
Trillin, 1466, 1467 
2,3,4-Trimethylgluco8e, 1602 
2,3,6-Trimethylgluco8e, 1695-1596, 1597 
Trioses, structure, 1583-1584 
orTrioiymethylene, ,769 
Triphenylethylene, bromination, 179 
1,2,3-Triphenylindyl radical, 608 
Triphenylmethyl, 682-^ 

color, 584 
discovery, 683 
electronic theory, 1929 

TriidienylmethyllydroxylMniii*, 
rangement, 078 


Trhrale&t carbon, 973 
Tropacocaine, 1202 
Tropane, 1200 
Tropeinea, 1106 
Tropic add, 1194 
Tropidine, 1197,1199 
Tropigenine, 1198 
Tropilidene, 1196 
Tropine, 1194,1200 
Tropinic acid, 1195 
Tropinone, 1195,1199, 1263 
Tnndllines, 1202 
Tryptamine, 1242, 1266 
Tryptophan, 1169-1164 
relation to barman, 1229 
Tschugaeff-Zerewitinoff analysis, 600, 
578 

Tuads, 939-940 
Tungsten compounds, 664 
Tunicin, 1667 

Twinned double bonds, 662-665 
Tyramine, 1127 
Tyrosinase, 1127 
Tyrosine, 1126-1129 

U 

UHmann reaction, organocopper com¬ 
pounds in, 644 

preparation of polyphenylene etliers, 
736 

Ultra-violet absorption spectra, aromatic 
compounds, 1786-1794 
effect of solvent, 1784-1786 
relation to resonance, 1786-1794 
Univalent nitrogen compounds in rear¬ 
rangements, 977, 970, 980, 083 
a,/J-Unsatuiated acids, from rearrange¬ 
ment of |B, 7 -unsatiffated adds, 684 
/;, 7 -Uii 8 aturated adds, rearrangement to 
a,3-'unsaturated acids, 684 
o,|S-UnBSturat6d carbonyl compounds, 
addition of benzene, 676 
addition of diphmyUcete&e, 677 
addition of halogen adds, 676 
1 , 4 -addition of hydrogen, 677 
addition of mskmic ester, 679 
electronic theory, 191^1022 
oxidation, 676 


Trisulfidee, 864 
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a,^4riisatiiraitod oafbiniyl compounds, 
reactions, with Grignard reagent, 
672-675 

with halogens, 676 
with mercaptans and thi<:g>henQla, 
850 

with sulfinio acids, 018 
reduction, 676-677 
Vnsaturated suifones, 884-885 
Unsaturated systems, see tpecifie types 
addition of oiganometallic compounds, 
408, 506-507, 516, 626, B2&-S2Q, 
545-546, 550 

teaction of Grignard reagent, with 
non-tominal cumulated, 505 
with terminal cumulated, 505 
Unsaturation, and conjugation, 631- 
700 

effect on mdecular rrfraction, 1761 
Urane derivatives, 1496 
Uranedid, 1496 « 

Uranetrid, 1496 
Uranium compounds, 564 
Urea, W5hler synthesis, 967 
Urea derivatives, rearrangement, 981 
Urea-formaldehyde pdymers, 727-730 
Urease, 1149 
Urocanic acid, 1156 
Urc^xnpbyrins, 1289 
Unodeeoxycholic add, 1415 
Ibarigenin, 1432,1433,1444 
Uaarin, 14^ 

V 

Valmiee, dectronic concept, 1822-1941 
partid, 1 ^ 

types in nitrogen, 1834 
VatenoedMmd fonnulas, 1961 
Valenoe-bmid method for treatment d 
ekctronie structures, 1956 
Valenee requhuments of normal alk}d 
poqps, 977 

VhlencieB of atmns, qiatial attange- 


^ylaoetylmte, 658 
addition of hydrogen chloride, 1002 
Vinyloarbazde polymer, 766 
Vinyl chloride, addition of hydrogen 
fluoride, 947 

Vinyl esters, pdynmrization, 753-756 
Vinyl ether polymer, 766 
Vin^ group in chlorophyll, 1305-1306 
Vinylites, 757, 758 

Vinyl methyl ether, rearrangement, 974 
Vinylogous systems, 1909 
Vinylogy, 633, 1909, 1924 
17-Vinyltestoeterone, 1624 
Viscose, see Cdlulose xanthate 
Viscosity, 1747-1749 
of alkyl fluorides, 951 
Viscosity equation of Staudinger, 747, 
1707 

Viscosity stabilizer, 725 
Viscosity-stable polymers, 726 
Visible absorption spectra, 1783-1794 
aromatic compounds, 1786-1794 
relation to resonance, 1786-1794 
Vitamin C, 1633-1638 
Vitamin D, 1405-1411 
history, 1405-1406 

structure and antirachitic activity, 
1411 

Vitamin Dj, 1405 
Vitamin Dj, 1406-1406, 1407-1408 
isolation, 1406 
properties, 1406-1406 
transformation products, 1408,1410 
Vitamin Da, 1406-1407 
Vitamin D 4 , 1406 
Vitamin Ki hydroquintme, 153 
Vomicine, 1242-1243 
von Auwers-I^ta rule, 1373,1493,1604 
von Braun degradations, 1174-1175 
Vulesnizstion d rub|Mr by organmnetal- 
lio compounds, 678 


VTagno^Meerwein transformations, 1012 
Wagner rearrangement, 98, 990, 1000, 
1019 

Walden inversion, 264-381, 967,1015 


ments, 321-232 
%madimn c(»^omid% 561 


997 


Vkaicme, 1250-1251,1256 

T ^«86 


animiio reagents, rearward attatfli, 2^ 
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Walden inversion, cholesterol, 1376-1377 
configuration, absolute, 267 
by Boys equation, 267 
rotatory dispersion and, 268-269 
effect of temperature, 266 
in sugar derivatives, 1608,1614 
mechanism, 269-281 
studies with radioactive isotopes, 
272-273 

nature of compounds, 266 
nature of reagent, 266 
nature of solvent, 266 
Wallach degradation, ring contraction 
by, 99 

Weerman degradation of sugars, 1541 
Wieland degradation, see Barbier-Wie- 
land d^adation 

Williamson synthesis, methylation of 
sugars, 1594 

Wintersteiner's compound. A, 1514 
D, 1516, 1517 
F, 1520 

Wohl degradation of sugars, 1540 
Wohler’s synthesis of urea, 967 
Wolff-Kishner reduction, 644, 1363, 

1390, 1438, .1466 

Wolff rearrangement, 1014, 1016, 1024 
Wurster dye, 620 

Wurts-Fittig reaction, 508, 539-542, 644 
mechanism, 622-623 
Wurta reaction, cycliaation by, 74-75 

X 

Xanthates, 939 

in preparation of thiophenols, 844-845 


X-ray diffraction studies, 1762-1769 
aromatic compounds, 1764 
benzene, 123 

biphenyl isomerism, 351-352 
cellulose, 1709-1716 
cis-tram isomers, 452 
hydrocarbons, 1763 
use, 1762 

o-Xylene, resonance in, 207 
Xylenes, physical constants, 1723 
as-o-Xylenol, 138 

d-Xylomethylose, preparation, 1632 
Xylose, fermentation, 1662 

Y 

Yobyrine, 1234 
Yohimbic acid, 1234 
Yohimbine, 1234-1236 
Yobi^bol, 1234 
Yttrium compounds, 654 

Z 

ZempI5n degradation of sugars, 1540 
Zerewitinoff analysis, 500, 578 
Zinc compounds, see Organozinc com¬ 
pounds 

optical isomerism, 432-433 
Zirconium compounds, 557 
ZoSsterols, 1392-1396 
Zwitterion, 1088 
Z3unoBterol, 1399 
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